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Abstract
Low-Temperature Reactions and Cool Flames in an Unstirred, Static Reactor at
Terrestrial and Reduced-Gravity
Michael Robert Foster
Advisor: Howard Pearlman, Ph.D.
The temperature and compositional changes associated with low-temperature hy-
drocarbon oxidation reactions in unstirred reactors generate a buoyant flow at terres-
trial conditions. The resulting temperature, species concentration, and velocity dis-
tributions are time-dependent, multi-dimensional, and complicated. However, nearly
all computational studies disregard buoyant convection and assume that transport of
heat and mass occurs solely by diffusive fluxes (e.g., classical thermal ignition theory),
which are generally weaker and thus masked by the convective flow. The purpose of
this thesis is to systematically vary the relative importance of buoyant convection to
diffusive transport (i.e., the Rayleigh number) by using reduced-gravity facilities and
studying the changes in the flame structure and ignition parameters. To compliment
the experiments, a computational model that includes the essential chemistry and
diffusive transport is developed and comparisons are made to the experimental data.
The experimental results reported herein were conducted using premixtures of ei-
ther equimolar n-C4H10 +O2 or equimolar C3H8 + O2 at subatmospheric pressures
in a 10.2 cm i.d. spherical quartz vessel. The pressure and radial temperature histo-
ries were recorded and analyzed for different initial pressures and temperatures. In
addition, the visible light emission owed to excited formaldehyde was recorded using
intensified video cameras and was observed to be radially symmetric in all cases at
10−2g. Yet, the temperature distribution during (and after the passage of) the cool
flames and ignitions did not decrease monotonically in all cases as predicted by pure
conduction models.
xix
The intensified video records were also used to determine the flame radius and
propagation speed as a function of time for different reactor wall temperatures and
initial pressures based on the maximum light intensity. To compliment the experi-
ments, a numerical model was developed based on a four-step global thermokinetic
scheme augmented with diffusion of heat and species, which captured the empirical
trends.
Finally, the non-dimensional species and energy equations, which were previously
developed based on the incompressible Navier-Stokes equations with the Boussinesq
approximation, were compared to computations performed with the full compressible
model to extend the model to include variable density and explore the effects of hot
gas expansion on the dynamics of the reaction.
11. INTRODUCTION
Finite oil reserves and unprecedented greenhouse gas emissions have recently re-
focused researchers’ attention on the effects of combustion-induced climate change
and the means required to meet the future energy needs for the world. Inefficient use
of fossil fuels, the burgeoning world population, and rapid industrial development in
China and India place an additional strain on the world’s limited resources and de-
mand that combustion researchers develop new and more efficient strategies to meet
the energy needs of the next generation.
In the U.S., as well as in other industrialized countries, a balanced energy portfolio
is needed that includes the combustion of fossil fuels and biofuels, nuclear, wind,
solar, hydroelectric, and geothermal power. Combustion of fossil fuels has been and
continues to be the main source of energy for transportation, power (electricity), and
heating; nuclear and alternative sources (solar, wind, and geothermal) are also being
developed to different extents and can contribute a larger share to meet the need.
With respect to combustion of fossil fuels, it is important to first recognize that
in 2005, more than 85% of energy consumed in the U.S. was derived from fossil
fuels [Department of Energy, 2007], of which, 60% of the petroleum was imported
[Energy Information Administration, 2006]. The U.S. comsumed approximately 20.8
million barrels of oil per day in 2005 [Energy Information Administration, 2006]—
approximately 7.6 billion barrels for the year. At the 2005 consumption rate, the
world currently consumes approximately 30.8 billion barrels of oil each year [Energy
Information Administration, 2007], which is an incredible demand. Since reserves are
limited, research should focus on developing strategies that optimize society’s use of
fossil fuels.
For as long as combustion has been studied, researchers have primarily focused
2on high-temperature combustion processes for transportation, power, and heat that
take place at temperatures greater than 1000 K. However, early in the development of
internal combustion engines, engine knock was a problem, occurring when the fuel-air
charge was rapidly compressed [Jost, 1946; Lovell, 1948] and in-cylinder temperatures
were less than 1000 K; it limited the efficiency of engines and caused erratic pressure
histories. The cause of engine knock was attributed to the premature autoignition of
the end gas [Heywood, 1988; Aﬄeck and Fish, 1967]. Since then, a significant amount
of work has been done to better understand hydrocarbon chemistry at temperatures
less than 1000 K. Researchers are now exploiting the chemistry in this regime to
improve control of auto-ignition in Homogeneous Charge Compression Ignition en-
gines [Westbrook, 2000; Griffiths and Whitaker, 2002; Johansson, 2005] that promise
higher efficiencies and less emissions. Others are studying low-temperature chemistry
to reduce hazards and possible auto-ignitions in fuel storage [Gray, 1970] and other
industrial applications [Pekalski et al., 2002; Pasman et al., 2005]. In addition, further
knowledge of the partial oxidation processes that occur at low and intermediate tem-
peratures can improve production of valued chemicals (e.g., hydrogen and methane)
from higher molecular weight species for other processes, e.g., fuel cells [Naidja et al.,
2003; Hartmann et al., 2003], and advance the development of reduced-emission boil-
ers [Gitzinger, 1999; Kohne et al., 1999; Luka et al., 1999]. Improvements in overall
efficiency can save a tremendous amount of fuel and reduce greenhouse gas emissions.
One means of achieving this is for researchers to fully comprehend the low (T ≤ 650 K)
and intermediate (650 K ≤ T ≤ 1000 K) combustion regimes. Therefore, the aim
of this thesis is to provide further insight into the effects of transport of heat and
species, as well as the role of hot gas expansion on low-temperature combustion and
cool flames in closed systems. With this benchmark understanding, detailed kinetic
mechanisms can be further refined, improving future combustion designs.
3The study herein described is organized into six chapters. Chapter 1 provides a
summary of previous experimental and numerical work in closed and flow reactors
and discusses the relevance of and motivation for the current research. The experi-
mental equipment used during this study is then detailed in Chapter 2 along with a
discussion of the limitations of the apparatus and the testing method used. Chap-
ter 3 explores the role of diffusive transport on low and intermediate temperature
hydrocarbon oxidation and its effect on the ignition diagram and temperature and
species concentration distributions. Both experimental and numerical computations
are presented. The experiments focus on premixed, equimolar n-C4H10 +O2 at sub-
atmospheric pressures in an unstirred reactor at reduced-gravity, and the numerical
work focuses on a 5-step global chemical kinetic mechanism with transport by diffu-
sion. Such a purely reactive-diffusive model is appropriate at low Rayleigh number,
which is achievable in a reduced-gravity environment. Experimental data and analy-
sis of the propagation speeds associated with cool flames in unstirred, static reactors
are then presented in Chapter 4. A fully-compressible model based on the Wang-Mou
global scheme is then developed in Chapter 5 in order to relax the Boussinesq approx-
imation used in previous work by the author [Foster and Pearlman, 2006b,a; Foster,
2006] and explore the effects of gas expansion on spherically-propagating cool flames
at reduced-gravity. Chapter 6 presents the conclusions from the study and discusses
areas of research that are needed to further our understanding of the transport effects
of unstirred reactions at reduced-gravity.
1.1 Literature Review of Low and Intermediate Temperature Hydrocar-
bon Chemistry
The most recent survey of experimental and kinetic modeling work on low-temper-
ature oxidation was presented by Foster [2006], while several other experimental [Fish,
41968; McKay, 1977; Lignola and Reverchon, 1987; Griffiths and Scott, 1987] and chem-
ical kinetic modeling [Griffiths, 1995] reviews have been reported in the literature. The
most recent review on cool flames (a mode of low-temperature oxidation—defined in
the next section) by Griffiths [2005] gives a condensed overview of the work on cool
flames and highlights the importance of continued research for the development of
HCCI engines, improved fuel reformation technologies, and the need for the ability
to predict potential industrial hazards.
The following section opens with a discussion on cool flames—previous experimen-
tal work on low and intermediate temperature oxidation with propane and n-butane
in closed, continuously-stirred, and flow tube reactors. An overview of the global,
reduced, and detailed chemical kinetic mechanisms that have been developed for low
and intermediate temperature oxidation of propane and n-butane are then discussed.
1.1.1 The Negative Temperature Coefficient
Within the low-temperature regime (T < 650 K for atmospheric conditions) and
the transition to intermediate temperatures, four modes of oxidation are known to
occur with C3 and higher molecular weight alkane fuels.
• Slow (dark) reaction: a reaction characterized by a gradual temperature
(≈ 5 K/min) and pressure (≈ 10 kPa/min) rise without any observable emission
of visible light.
• Cool flame(s): a partial oxidation reaction characterized by a moderate pressure
rise, on the order of 10 kPa, and temperature (10–200 K) rise over approximately
2 s in closed reactors, accompanied by a weak blue light emission from excited
formaldehyde, CH2O
∗; cool flames may also occur multiple times in a closed
vessel. Note, CH2O
∗ has a strong band near 408 nm.
5• Multi-stage ignition: a cool flame(s) that transitions to a high-temperature
ignition (∆T ≥ 1000 K).
• Single-stage ignition: high-temperature ignition not preceded by a cool flame(s).
Traditionally, ignition diagrams have been developed that map the temperature and
pressure for each mode that occurs for a given mixture composition. A summary of
previously developed ignition diagrams with comparisons to newly obtained reduced-
gravity results is reported in Section 1.1.2.
With respect to oscillatory cool flames, Lucquin [1962] observed that, in a closed
reactor, as many as seven cool flames can occur for a narrow range of temperatures
and pressures. In an open system, these oscillations can be maintained indefinitely.
The cause of the oscillatory behavior is thermokinetic and was first explained by
Pease [1938] who coined the term “the negative temperature coefficient” (NTC).
During experimental studies with an equimolar C3H8 + O2 mixture at temperatures
in the ranges of 630–670 K and at a pressure of 27 kPa, Pease observed that as the
temperature increased, the overall rate of the reaction decreased and vice versa. Such
counterintuitive behavior can be understood by considering reaction steps (1.1)–(1.6)
summarized by Law [2006].
RH +O2 → R +HO2 (1.1)
R +O2 +M ⇋ RO2 +M (1.2)
R +O2 → olefin + HO2 (1.3)
RO2 +RH → RO2H +R (1.4)
RO2H +M → RO +OH +M (1.5)
RH + (OH,HO2, RO)→ R + (H2O,H2O2, ROH) (1.6)
6Figure 1.1: The negative temperature coefficient of the reaction rate in propane
oxidation. Reproduced from Pease [1938]. (Figure copyright—Appendix M)
Reaction (1.1) is the initiation reaction with the parent fuel, RH, producing R for
use in Reactions (1.2) and (1.3). In the low-temperature regime, exothermic Reaction
(1.2) dominates the consumption of R from Reaction (1.1) and from Reaction (1.4),
which is supplied by RO2 from Reaction (1.2). The RO2H created by Reaction
(1.4) then decomposes into RO and OH via Reaction (1.5), further continuing the
oxidation path for cool flames.
For temperatures in excess of approximately 600 K, Reaction (1.3) becomes faster
and the reverse reaction rate of (1.2) increases. As a result, the amount of RO2
available for chain branching diminishes and the overall heat generation rate de-
creases. The shift in the chemistry causes the NTC transition between the low and
intermediate-temperature regimes.
Figure 1.1 shows the experimentally determined NTC regime reported by Pease
[1938] that plots the fuel consumption rate at different reactor temperatures. In the
low-temperature regime (T ≤ 600 K), the temperature increase due to slow reactions
was reported to be relatively weak (≈ 5 K/min). If heat loss to the reactor walls
exceeds the heat generation rate, the temperature will decrease and the reaction
7will not enter the NTC regime (600 K < T < 650 K). When cool flames occur,
the temperature increases through the NTC while the heat release rate slows in the
presence of heat loss. When the heat release rate slows sufficiently, heat loss dominates
and the temperature decreases. The result of the decrease in temperature and self-
arresting chemistry enables multiple, sequential cool flames to develop and sustain
the oscillatory process until the reactants are sufficiently depleted.
Multi-stage ignitions are a different mode of reaction characterized by a cool flame
that transitions to ignition. In this mode, a cool flame develops as the reaction and
heat generation rates increase. As the reaction enters the NTC, the rate of heat
loss and self-arresting chemistry, if sufficiently fast enough, slow the temperature rise
and the reaction rate decreases before another cool flame develops (“multi”ple cool
flames). If not, the reaction passes through the NTC, and the chemistry transitions
to the intermediate-temperature regime and ultimately to ignition.
The heat generation rate of a single-stage ignition in the low-temperature regime
is sufficiently fast that the heat loss rate cannot slow the reaction before the chemistry
passes through the NTC (too quickly for a cool flame to develop) and continues to
hot ignition.
1.1.2 Propane and n-Butane Experiments
The reported discovery and initial work on cool flames using ether-air [Davy, 1817]
and other mixtures [Perkin, 1882], respectively, did not gain widespread interest until
Pease [1929] introduced the concept of the NTC for low-temperature combustion of
propane and n-butane. Additionally, Pease analyzed the gaseous products of com-
bustion through laminar flow tube experiments. Later, analysis of liquid products
and a finer quantitative understanding of olefin and carbon monoxide oxidation was
added [Pease and Munro, 1934]. A decade later, Jost [1946] then attributed the
8cause of knock to low-temperature pre-reactions and cool flames that occurred prior
to spark-ignition when the fuel-air charge was rapidly compressed and thus heated.
This assertion led to more concerted efforts to understand low and intermediate tem-
perature combustion in order to control engine knock.
Unstirred Closed Reactors
Though Pease [1929] and Pease and Munro [1934] performed experiments at at-
mospheric pressure in flow tubes, prior research was mostly conducted in closed Pyrex
reactors. (Pyrex allowed the reaction to be observed visually and the glass was rel-
atively inert.) Most experiments utilized the technique of Mallard and Le Chatelier
[1880] where a pressure gradient between an evacuated reaction vessel and a pressur-
ized premixed gas container is used to rapidly inject the reactants into the reactor.
The gas is then heated by the isothermal walls via convection, and the closure of a
valve at the entrance to the reactor isolates the reaction.
Townend et al. [1933; 1936] performed cylindrical closed reactor experiments to
determine the effect of pressure on spontaneous ignition temperature of different
hydrocarbon fuels. Using the data, Townend [1937] compiled ignition diagrams for
various fuel/air mixtures at pressures ranging from approximately 50 kPa to 1400 kPa.
That same year, Newitt and Thornes [1937] presented similar work performed at sub-
atmospheric pressures. Their ignition diagram developed for an equimolar propane
+ oxygen mixture is reproduced in Figure 1.4a, followed by a comparison to more
recently obtained data using the same premixture in a closed, spherical reactor with
similar volume by Foster [2006]. (The comparison discussion is in Section 1.1.2.)
Following the isobar of 360 mm Hg (48 kPa) in Figure 1.4a, Newitt and Thornes
recorded their visual observations of the reaction, which is reproduced in Table 1.1.
In addition, note that the concentrations of some key species as a function of time,
9Table 1.1: Description of experiments with an equimolar mixture of propane + oxygen
along a 360 mm Hg (48 kPa) isobar. (Quoted directly from Newitt and Thornes
[1937])
Temp. range (◦C) Observations
275–285 After an induction period of several minutes, a faint lu-
minosity develops and remains until reaction is substan-
tially complete.
290 A faint luminosity develops, followed by a pale blue cool
flame which starts near the centre of the vessel and
spreads outwards, giving rise to a slight pressure pulse;
the luminosity persists for some seconds after the passage
of the flame.
300–340 The initial luminosity observed immediately on filling the
vessel is succeeded by 4 or 5 separate cool flames at in-
tervals of several seconds. Each of these flames traverses
the whole vessel before extinction.
340 Two cool flames only are formed.
345–385 Over this range only one cool flame is observed.
The intensity of the cool flames increases as their num-
ber diminishes, and in all cases the flames are succeeded
by an intense uniform glow persisting for some seconds.
Between 350◦ and 385◦ the single cool flames diminish in
intensity whilst the general luminescence increases un-
til eventually it becomes impossible to distinguish the
flames.
380–425 Intense luminosity develops immediately on filling with
the mixture; at 425◦ it is succeeded by a bright blue
flame which at a slightly higher temperature changes to
the characteristic yellow flame, usually associated with
true ignition. The narrow shaded strip adjacent to the
ignition curve in Fig. 1.4a defines the region in which
these blue flames are formed.
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including acids, total aldehydes, formaldehyde, higher aldehydes, peroxides, and total
alcohols were also reported.
Through his work with ignition diagrams, Townend [1937] was also able to observe
a “peninsula” of cool flames that protruded from the ignition threshold into lower
pressures over a specific temperature range—see Figure 1.2 for an example. The next
year, Pease ascribed the oscillating behavior of cool flames to the NTC region, as
discussed above with Figure 1.1 [Pease, 1938]. Others researchers also confirmed the
existence of the NTC in closed, static reactors for propane [Chernyak and Shtern,
1951; Seakins and Hinshelwood, 1963] and n-butane [Mulcahy, 1949].
Day and Pease [1940] subsequently considered the effect of reactor surface treat-
ment on the ignition diagram and end products for equimolar propane + oxygen
premixtures. Using a cylindrical reactor, they treated the walls with nitric acid,
potassium chloride, and hydrofluoric acid. The treatments did not have a significant
effect on either the qualitative structure of the ignition diagram (see Figure 1.2) or
the quantity of the products created. Quantitatively, cool flames were observed at
300–350◦C and 200–600 mm Hg with as many as four oscillations in the nitric acid
treated reactor; the potassium chloride treatment produced an ignition threshold near
620 mm Hg and four cool flame oscillations; and the hydrofluoric acid treated reactor
resulted in a broader range of cool flame conditions with as many as eight oscillations.
In 1969, Melvin used interferometric techniques in a cylindrical tube with closed
ends to obtain a sequence of images and observed the influence of natural convec-
tion on cool flames. The schlieren imaging taken axially along a horizontally-oriented
cylindrical vessel clearly showed the complex temperature gradients that developed in
an equimolar propane + oxygen cool flames at Tinitial = 580 K and Pinitial = 53.3 kPa
as a result of natural convection. As Figure 1.3 shows, due to natural convection,
the temperature distribution is not axisymmetric. The highest temperature in the
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Figure 1.2: Cool flame ignition diagrams for equimolar propane + oxygen premixtures
in reactors with different wall-treatments [Day and Pease, 1940]. (Figure copyright—
Appendix M)
reaction occurs near the top of the vessel, as indicated in frame (4), since the hot gas
is less dense and rises toward the top of the reactor.
More recently, Lucquin and Antonik [1972] reviewed multistage ignition studies
for propane [Lucquin, 1962; Lorek, 1962; Lefebvre and Lucquin, 1965; van Hai et al.,
1970; Griffiths et al., 1971], n-butane [Bardwell, 1955], and other fuels and defined
regions on the ignition diagram for third, fourth, and fifth-stage ignitions. These
zones are localized to a narrow range of temperatures and pressures and are closed,
i.e., bounded by the high pressure zone. However, second-stage ignitions are open,
i.e., not bounded, as shown in the upper left portion of Figure 1.5a.
Haddad and Hoare [1979] subsequently used a closed, static 500 cc spherical reac-
tor to determine the role of acetaldehyde in a 9:1 propane + oxygen mixture. They
found that acetaldehyde helped to facilitate the combustion of propane at 468 K but
did not change the reaction products. They provided empirical evidence for certain
numerical species rate constants [Benson, 1965; Baldwin et al., 1977, 1971; Baker
et al., 1970] to predict the observed product ratios. This experiment is another ex-
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Figure 1.3: Sequential schlieren images reported by Melvin [1969] of an equimo-
lar propane + oxygen cool flame in a horizontal, 4.4 cm i.d. cylindrical vessel at
Tinitial = 580 K and Pinitial = 53.3 kPa. Images progress left to right, top to bottom.
The first image was taken at an arbitrary time = 0 s followed by (2) 1.20 s, (3) 2.40 s,
(4) 3.04 s, (5) 3.08 s, (6) 3.20 s, (7) 3.40 s, (8) 3.80 s, (9) 4.40 s, (10) 5.60 s, (11) 6.40 s,
and (12) 7.20 s. (Figure copyright—Appendix M)
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ample of the incremental process made in an effort to determine the chemical kinetics
of low-temperature hydrocarbon oxidation.
Wilk et al. [1986] also performed an extensive study on the chemistry of low-
temperature propane oxidation for temperatures 563–743 K, pressures 59–88 kPa,
and equivalence ratios 0.8–4.0. Using a closed, static cylindrical reactor, they studied
the effects of varying initial temperature, initial pressure, and equivalence ratio and
verified the NTC for propane to be between 600 and 650 K using gas chromatography.
In addition, they determined the branching intermediates responsible for cool flame
formation and reaction acceleration, and they found that an increase in vessel surface
area affected the induction period and overall reaction time, yet the product species
remained the same.
While most the classical studies were performed in closed reactors, quantitative
comparison between them is difficult, if not impossible, since the temperature and
species fields are complicated by natural convection [Griffiths et al., 1971]. Moreover,
analyses have traditionally neglected natural convection until recently.
Stirred Open Reactors
To suppress non-uniformities and spatial variations that occur in unstirred re-
actors due to natural convection, researchers developed jet-stirred reactors [Longwell
and Weiss, 1955] and continuously-stirred tank reactors (CSTR) [Dutton, 1968]. Tur-
bulent mixing or rapid mechanical stirring homogenize the reaction and reduce it to
a zero-dimensional (0-D) system. Therefore, temperature or species concentration
measurements taken anywhere within the reactor (excluding near the walls where
steep gradients still exist) are the same due to the effectively homogenized reaction.
Since 0-D experiments can be modeled without including transport, chemical kinetic
mechanisms can be refined provided a heat loss is accurately modeled.
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Using a CSTR, Gray and Felton [1974] performed one of the first cool flame exper-
iments and observed slow reactions, damped and undamped cool flames, and an NTC
behavior from 623 K to 673 K in propane + oxygen combustion—23 K higher at both
the lower and upper temperature limits than Wilk et al. [1986] determined. Gray and
Felton also calculated steady-state heat release rates as they conducted experiments
by ramping the temperature up and down (heating and cooling). Interestingly, two
different stable thermokinetic steady states were observed and two different ignition
diagrams were obtained. For increasing temperature, only a stability boundary be-
tween slow reactions and damped cool flames was shown. However, for decreasing
temperature and at pressures greater than 400 torr, the damped cool flame bound-
ary shifted to approximately 10 K lower temperatures and undamped cool flames
were present at temperatures in the range of 295 K to 315 K. Lignola et al. [1980]
subsequently studied the dependence of the oscillatory nature of cool flames on the
flow residence time and reactor wall temperature. To vary residence time, the flow
rates of oxygen and propane were varied accordingly (pausing to allow the reaction
to reach a steady state) at 4–5 K increments as their reactor was heated. After each
step-wise heating, they diverted the oxygen flow to stop the reaction. After reaching
the highest temperature for the apparatus (T = 718 K), they cooled the oven in the
same temperature increments and changed the reactant flow rates accordingly, again
pausing at each step for the reaction to reach a steady state by diverting the flow of
the reactants.
Caprio et al. [1983] used a 300 cm3 CSTR to study the oxidation of n-butane.
They confirmed the different modes of reaction, determined the overall heat trans-
fer coefficient for the reactor, and discovered a “physico-chemical hysteresis cycle
associated with multi-stability.” Ferrer et al. [1983] completed a study of n-butane
oxidation in a 21 cm3 cylindrical, jet-stirred reactor at atmospheric pressure and tem-
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peratures in the range of 600 K to 700 K. They explored the effects of space, time,
and oxygen concentration in the reactants and compared the results to a “tendency
model”—lumping the main characteristics of the system into a few equations. In
addition, jet-stirred experiments were completed by Proudler et al. [1991] over tem-
perature and pressure ranges of 371–675 K and 30.1–65.2 kPa, respectively. Their
results included temperature versus time plots, ignition diagrams, and fluorescence
intensity versus time averaged over 32 ignitions for a wall temperature of 577 K and
an initial pressure of 53.3 kPa.
Flow Reactors
A laminar flow tube experiment was conducted by Sheinson and Williams [1973]
to determine the chemiluminescence spectra from cool flames. While prior research by
Kondratiev [1936] and Ubbelohde [1935] had determined that excited formaldehyde
was responsible for the visible light emission, the different background “continuum”
(the variety of individual vibrionic band contours and intensities) found in multiple
studies called into question the actual source of the light emission. Sheinson and
Williams performed their study with acetaldehyde and n-butane in a vertical tube
reactor to resolve the debate and concluded that the changing background “contin-
uum” was due to the temperature of the flame and reaffirmed the main source of
the light emission was due to excited formaldehyde. Later, Sheinson and Williams
[1984] published a brief article on the time-resolved species concentrations measured
in n-butane oxidation obtained from flow tube experiments.
Special flow reactors have also been designed to investigate low-temperature com-
bustion at elevated pressures [Koert and Cernansky, 1992; Vermeersch et al., 1991].
Pressurized Flow Reactors (PFR’s) utilize high gas flow rates (Re ≈ 2300–30000) and
a mixing nozzle to obtain a turbulent flow to minimize temperature and concentration
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gradients through enhanced radial mixing. It can typically operate at temperatures
800–1300 K and, when pressurized, pressures up to 10 atm [Koert and Cernansky,
1992]. This method has the distinct advantage that the species concentrations and
the temperature can be measured at various residence times by sampling the reaction
at different axial positions along the length of the tube.
The only available PFR low-temperature data on propane oxidation was reported
by Koert et al. at Drexel University [Koert et al., 1992, 1994]. They were the first
to identify the temperature range (T = 720–783 K) for the propane + oxygen NTC
region at pressures in the range of 9–15 atm [Koert et al., 1992] and to explore the
effect of temperature on the stable species concentrations [Koert et al., 1994].
At Princeton University, Vermeersch et al. [1991] performed PFR experiments
with a near stoichiometric n-butane + oxygen mixture at temperatures in the range
of 708–945 K and pressures in the range of 3–8 atm. The results were compared
against a published detailed kinetic mechanism [Griffiths et al., 1990], which showed
poor agreement with autoignition time scales at both lower and higher temperatures.
Stirred Closed Reactors
Prior to the PFR work, Griffiths et al. [1971] and Caprio et al. [1976] developed a
mechanically-stirred closed reactor. Their motivation for this new apparatus was to
homogenize the reactions and measure the stable species concentrations, which could
then be used to validate chemical kinetic schemes. Griffiths et al. [1971] compared
the results obtained from their static reactor tests (Figure 1.5a) to those obtained
in their stirred reactor and found that stirring made the temperature and species
concentration gradients more uniform and caused forced convection to increase the
rate of heat loss. In addition, they compared their results with the original Gray-
Yang kinetic scheme [Yang and Gray, 1969b], a 4-step global chemical kinetic scheme
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that was developed in the late 1960’s to model the slow oxidation of hydrocarbons
(see Section 1.1.3 for more details). They found the model agreed qualitatively with
the cool flames that occurred but could not capture multi-stage ignition. Later,
they presented results [Griffiths et al., 1973] determining the heat-transfer coefficient
for their reactor and were able to determine the NTC in a propane + oxygen +
acetaldehyde (100:100:1) reaction via the rise and fall of the heat-release rates. These
tests were performed in the temperature range of 563–683 K and pressure range of
45–97.5 kPa.
Gray et al. [1974] performed a study to show that cool flame oscillations are
thermokinetic, i.e., oscillations depend on thermal and chemical feedback in the
presence of heat transfer. By monitoring low-temperature propane oxidation in a
mechanically-stirred closed vessel with a fine-wire thermocouple as they altered the
heat-loss rates by varying the percentage of inert diluent (N2), reactor pressure, and
rotor speed, they showed that the thermokinetic oscillations are strongly dependent
on thermal feedback.
Unstirred Closed Reactor at Microgravity
As mentioned, self-heating in closed reactor studies induces temperature gradi-
ents within the flow that drive natural convective flows and complicate the study
of cool flames within the vessel. Figures 1.4 and 1.5 compare closed, static reactor
ignition diagrams reported by Newitt and Thornes [1937] and Griffiths et al. [1971],
respectively, to those obtained by the author [Foster, 2006].
The ignition diagram of Newitt and Thornes [1937] agrees well with that of Foster
[2006] for temperatures and pressures in the range of 300–350◦C (573–623 K) and
200–550 mm Hg (26.7–73.3 kPa) even though different reactor geometries were used.
The cool flame “peninsula” occurs in the temperature range of 300–400◦C (573–673
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(a) 590 mL cylindrical reactor
(b) 555 mL spherical reactor
Figure 1.4: Ignition diagram comparison for equimolar C3H8 + O2 at 1g in (a) a
590 mL cylindrical reactor [Newitt and Thornes, 1937] and (b) a 555 mL spherical
reactor [Foster, 2006]. (Figure (a) copyright—Appendix M)
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K) and pressure range of 180–550 mm Hg (24.0–73.3 kPa). However, the upper
and lower pressure limits for multiple cool flames (3+) in Foster [2006] are shifted
approximately 100 mm Hg (13.3 kPa) below those reported by Newitt and Thornes
[1937]. A more significant shift is evident in Figure 1.5 when comparing the results
of Foster [2006] to those reported by Griffiths et al. [1971]. Note that the volume of
the reactor used in the studies of Griffiths and co-workers is approximately two times
the volume used in Foster’s work. Specifically, the upper and lower limits of pressure
and temperature shift toward higher temperatures and pressures, approximately 50◦C
and 10 Cm Hg (13.3 kPa), in the smaller vessel. (Note that Figures 1.4b, 1.5b, and
1.6b all plot the same data but with axis alterations to simplify visual inspection.)
This shift is understandable since conduction heat loss to the reactor wall is more
significant in the smaller vessel. In addition, the residence time associated with the
recirculating gas may be shorter in the smaller vessel, such that heat loss is more
significant in the smaller reactor.
Pearlman [2000] conducted closed, static reactor studies at reduced-gravity to
effectively reduce the buoyant flow. Complexities in the temperature and species dis-
tribution due to natural convection can then be suppressed and diffusive fluxes of heat
and species govern the transport of heat and mass. In a spherical reactor, the flame
was observed to initiate near the center of the reactor and propagate radially outward
to the wall; thus, the problem can be reduced to a one-dimensional reactive-diffusive
system where the temperature and species concentrations vary with radius and time.
Using premixed, equimolar n-butane + oxygen premixtures, the pressure histories,
radial temperature profiles, and visible light emissions were recorded at different ini-
tial pressures in NASA’s free-falling aerial facility (at 10−2g) and also in the lab at 1g
(Earth’s gravity). Subsequently, Foster and Pearlman [2006a] presented images and
pressure histories (Twall = 573 K, Pinitial = 20.7 kPa) of premixed, equimolar propane
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(a) Griffiths et al. [1971] (b) Foster [2006]
Figure 1.5: Ignition diagram comparison for equimolar C3H8 +O2 at 1g in spherical
reactors. Reactor volumes: (a) 1000 mL [Griffiths et al., 1971] and (b) 555 mL [Foster,
2006]. Labels for (a): 1-s, single-stage ignition; 2-s, two-stage ignition; 3-s, three-stage
ignition; and 4-s, four-stage ignition. Labels for (b): sr, slow reaction; 1cf, one cool
flame; 3cf, three cool flames; 4cf, four cool flames; 5+cf, five or more cool flames; 2si,
two-stage ignition; and ssi, single-stage ignition. (Figure (a) copyright—Appendix M)
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+ oxygen cool flames at reduced (10−2g), Lunar (0.16g), Martian (0.38g), and Earth
(1g) gravities along with a qualitative comparison to numerical computations per-
formed using a modified Gray-Yang scheme [Fairlie et al., 2000]. The model included
the incompressible Navier-Stokes equation and employed the Boussinesq approxima-
tion to account for the density variations in the 0.16g, 0.38g, and 1g computations.
The model successfully predicted the onset of convection and the recirculating gas
flow in the closed vessel.
Additional pressure and temperature histories and the first reduced-gravity igni-
tion diagram for propane cool flames were reported by Foster [2006]. Comparing (a)
the reduced-gravity results to (b) 1g results (which was compared to previous studies
above) in Figure 1.6, in the pressure range 40–50 kPa where most of the multiple 1g
cool flame tests and reduced-gravity single cool flames were observed, the cool flame
stability boundary shifted by approximately 10 K to a higher temperature at 10−2g.
Moreover, only one cool flame was observed within the available 20 s test time at
reduced-gravity while up to six were observed at 1g.
More recently, Pearlman [2007] reported the first observations of multiple cool
flames at reduced-gravity in helium diluted n-butane + oxygen mixtures. He con-
cluded that “enhanced conduction heat transfer can provide sufficient heat loss to
sustain thermokinetic oscillations” [Pearlman, 2007].
1.1.3 Chemical Kinetic Models
Understanding the chemical kinetics of hydrocarbon oxidation is essential to un-
derstanding the combustion process, heat release, rate limiting steps, and species
consumption and production rates. In addition to the chemistry, transport processes
affect the temperature and species distributions, which are then coupled to the chem-
istry. These couplings must be considered to mitigate safety and explosion hazards
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Figure 1.6: Ignition diagrams for equimolar C3H8 + O2 [Foster, 2006]. Interior of
dotted line: one or more cool flames; interior of dashed line: four or more cool flames.
Legend: sr, slow reaction; 1cf, one cool flame; 3cf, three cool flames; 4cf, four cool
flames; 5+cf, five or more cool flames; 2si, two-stage ignition; and ssi, single-stage
ignition.
and model real-world combustion systems.
Historically, thermal theories were developed to model ignition [Semenov, 1935;
Hinshelwood, 1940; Sal’nikov, 1949; Frank-Kamenetskii, 1955] and initially used to
model cool flames (discussed more in the Global Mechanisms section). Although
some of these models [Sal’nikov, 1949; Frank-Kamenetskii, 1955] successfully captured
the oscillations, they disregarded the complex low-temperature chemistry and only
considered thermal feedback. As such, they were unable to predict the fine scale
features of the ignition diagrams.
Three types of kinetic mechanisms exist depending on the degree of fidelity re-
quired; they include detailed, reduced, and global (skeletal) mechanisms. Detailed
mechanisms are the most complicated and include reaction steps, their associated
rate parameters, and all species present in the combustion process. These models are
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the most accurate and can be used to model species concentrations and temperature
as a function of space and time and can contain 100’s or 1000’s of steps. Reduced
mechanisms are a reduced set of reactions derived from detailed mechanisms by either
lumping (representing similar reactions via a single reaction) or removing less impor-
tant reactions and typically contain on the order of 100 steps. Global mechanisms
are those that are “built-up” (rather than being reduced from a detailed mechanism)
and generally have steps that represent the initiation, branching, propagation, and
termination steps that are characteristic of hydrocarbon chemistry. The steps usually
do not correspond to specific elementary reactions. Below, a review of the mecha-
nisms that have contributed to researchers’ understanding of propane and n-butane
cool flames is provided.
Detailed Mechanisms
Detailed chemical kinetic mechanisms provide the most accurate description of a
combustion process. For hydrocarbons heavier than propane, the number of reactions
is on the order of 1000 or more (e.g., H2 + O2, 19 steps [Li et al., 2004]; CH4+Air,
325 steps [Smith et al., 2007]; C3H8+O2, 1370 steps [Warth et al., 1998a]). For each
reaction, the parameters of the Arrhenius equation, ki = AiT
niexp(Ei/RT ), must be
determined. These parameters are the pre-exponential factor, Ai; the temperature
constant, ni; and the activation energy, Ei. In addition, the heats of reaction for each
reaction must be determined.
The first detailed chemical kinetic model for n-butane oxidation that included
low-temperature chemistry was reported by Pitz and Westbrook [1986]. The model
was developed with the intent to understand the low-temperature chemistry of en-
gine knock, and it showed good comparison to autoignition [Leppard, 1985] and
species concentrations [Cernansky et al., 1986]. Subsequently, Wilk et al. [1986; 1989]
24
presented a mechanism for propane and propene oxidation that included the high-
temperature kinetics from Westbrook and Pitz [1984] and low-temperature acetalde-
hyde kinetics from Kaiser et al. [1986]. This mechanism was compared to closed,
static reactor data reported by Wilk et al. [1987]. An iteration on the Pitz and West-
brook [1986] n-butane mechanism was then applied to a motored engine [Pitz et al.,
1988a] and in a static reactor [Pitz et al., 1988b] over the temperature and pressure
ranges of 554–737 K and 73.3 kPa.
Warth et al. [1998b] at Nancy also developed a comprehensive n-butane mecha-
nism. It was validated over the NTC temperature range from 554–737 K and validated
with the motored engine results reported by Pitz et al. [1988a].
Most recently, Curran et al. [2004] published the first detailed propane mechanism,
which included 654 reactions and 116 species, since that of Koert et al. [1996]. To
validate their mechanism, PFR data reported by Koert et al. [1994; 1996] was used.
Their mechanism reproduced the flow tube data well, yet their predicted ignition times
were significantly longer than those observed in shock tube experiments [Cadman
et al., 2000].
Reduced Mechanisms
As mentioned, reduced models are derived from detailed models and are only as
accurate as the detailed models themselves. Inaccuracies in detailed models include
uncertainties in reaction rate parameters and submechanisms tuned for other fuels.
The development of reduced and global models is motivated by computational
limitations. In order to numerically model real-world geometries, chemical kinetic
mechanisms must be applied three-dimensionally. The computing power that is cur-
rently available cannot complete these calculations in a reasonable amount of time.
Therefore, researchers perform sensitivity studies and retain the key reactions in the
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detailed mechanisms, yet reduce the number of steps and species to reduce the com-
putational time. Few attempts have been made to develop a reduced mechanism for
propane [Cowart et al., 1990; Fairlie et al., 2005; Gupta et al., 2007] and no dedicated
mechanisms have been made for n-butane.
Fairlie et al. [2005] reduced the detailed Nancy propane mechanism [Warth et al.,
1998a] from 123 species and 1370 reactions to 58 species and 378 reactions. The
reduced mechanism was then used to derive the species conservation and energy
equations, which were solved in a spherically symmetric domain including diffusion of
heat and species. The 1-D temperature and species concentration profiles were then
computed and compared to reduced-gravity experiments [Pearlman et al., 2003]. In
addition, a comparison of the flame position to the peak concentration of formalde-
hyde was computed and compared to the experimentally observed peak light intensity
(Figure 4.8). The prediction showed the light emission reaching the wall at 0.5 s while
the observed trend approached the wall after 1 s.
Gupta et al. [2007] have also recently developed a reduced mechanism of 49 species
and 80 reactions based on the detailed mechanism of Curran et al. [2004]. Excellent
comparison was obtained between the reduced and detailed mechanisms for tempera-
ture, pressure, and CO and OH concentrations. In addition, the plotted error of both
mechanisms over a range of equivalence ratios (0.5–5.0) for a fixed initial temperature
was approximately the same [Gupta et al., 2007, Fig. 7].
Global Mechanisms
The first global mechanism to account for NTC behavior and predict oscillations
was the 2-step Sal’nikov model [Sal’nikov, 1949; Gray et al., 1988; Gray and Roberts,
1988],
P
1−→ A 2−→ B
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which assumes that the reactants (P) form an intermediate (A), which then forms
terminal products (B). The first step is assumed to be thermal neutral with zero
activation energy (q1 = 0, E1 = 0) and the second step is exothermic (q2 > 0) with
E2 > 0. Researchers have studied this model under purely diffusive conditions [Gray
and Scott, 1990; Fairlie and Griffiths, 2002a,b; Campbell et al., 2006a,b], strongly con-
vective conditions (well-mixed conditions where diffusive effects are negligible) [Gray
et al., 1988; Gray and Roberts, 1988; Campbell et al., 2006b], and conditions where
both diffusion and convection play important roles [Cardoso et al., 2004a,b; Camp-
bell et al., 2005a,b]. Note that this model includes thermal feedback, but it neglects
chemical feedback, both of which are important in hydrocarbon chemistry.
The Gray-Yang model [Yang and Gray, 1969a] was the first global kinetic mech-
anism to include chain branching and thermal feedback to model auto-ignitions and
cool flame oscillations. It captured the main thermokinetic features of cool flame peri-
odicity, the NTC region, and the lobes of the ignition diagram for propane oxidation
in a closed vessel [Griffiths et al., 1971]. Most recently, researchers have extended
this model to include diffusion [Fairlie et al., 2000] and weak convection [Foster and
Pearlman, 2006a; Foster, 2006].
Based on the Gray-Yang model with the addition of a high-temperature branching
step, Wang and Mou [1985] then reported a 5-step thermokinetic scheme to further
explore the reactive structure associated with multi-stage and single-stage ignition
in static reactors. Modes of slow reaction, oscillatory cool flames, oscillatory two-
stage ignitions, complex oscillations, and high-temperature ignition were successfully
predicted. In this thesis, the Wang-Mou model is augmented with diffusion of heat
and species and used to evaluate the effects of the mixture Lewis number (Le, the
ratio of thermal diffusivity of the mixture to mass diffusivity of the parent fuel) on
the temperature and species concentration distributions and ignition diagrams.
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1.2 Effects of Transport by Diffusive Fluxes and Natural Convection on
Hydrocarbon Oxidation
Temperature and species concentration gradients develop in unstirred reactors
and can be affected by transport via diffusion and/or convection. In this section, the
relative importance of diffusion versus natural convection is addressed.
“Buoyancy is due to the combined presence of a fluid density gradient and a
body force that is proportional to density” [Incropera and DeWitt, 2002]. In the
case of a static reactor with a premixed, reacting gas, the fluid density gradient is
established by the temperature and the species concentration variations between the
high temperature reacting gas and the cooler wall temperature; the body force is due
to gravity.
The importance of natural convection relative to diffusion is characterized by the
Rayleigh number (Ra) a ratio of the buoyancy force to the viscous force.
Ra = GrPr =
βg(∆T )R3
να
The parameters include the expansion coefficient, β or 1/T ; gravitational acceleration,
g; temperature change, ∆T ; characteristic length, R; kinematic viscosity, ν; and
thermal diffusivity, α. For spherical, static reactors, Tyler [1966] and Fine et al.
[1970] empirically determined the critical Ra for a spherical vessel, the point where
natural convection dominates heat transfer due to conduction, to be within the range
400 ≤ Ra ≤ 1000. Tyler’s data is reproduced in Figure 1.7, which is a plot of the
ratio of the calculated temperature difference (based on a purely conductive model)
between the center of the vessel and the wall to the measured temperature difference
versus the log of the calculated mixture Rayleigh number. Tyler performed nitric
oxide oxidation experiments with different inert gases. By varying the amount of
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Figure 1.7: Tyler’s plot of Rayleigh number (R) versus the ratio of the computed
temperature change at the center of a spherical reactor to the measured temperature
change. When the ratio deviates from unity, the transport mechanism transitions from
conduction to convection dominated [Tyler, 1966]. (Figure copyright—Appendix M)
inert gas and the size of the reactor, he could control the Rayleigh number (e.g., ν ↑
or α ↑, Ra ↓; R ↓, Ra ↓). From the data, one can conclude that the following:
• Ra≫ 1000, convection is the prevailing mode of heat transfer.
• Ra = 600± 400, both convection and conduction contribute to heat transfer.
• Ra / 600, heat transfer is diffusion controlled.
1.2.1 Diffusive Effects
To isolate the role of transport due to diffusion without changing the mixture
properties (α or ν) or the surface-to-volume ratio by altering the size of the vessel R,
Ra can be controlled by varying the body force, g. Specifically, it can be reduced by
two orders of magnitude in a reduced-gravity (10−2g) environment aboard NASA’s
KC-135A and by 4–6 orders of magnitude in drop towers and space-based facilities.
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Figure 1.8: Sequential images of a 66.7% n-C4H10+33.3% O2 premixed cool flame
at Tw = 583 K and Pinitial = 30.3 kPa propagating through the reactor at (a) Earth
gravity, 1g, and (b) reduced-gravity, 10−2g [Pearlman, 2000]. (Figure copyright—
Appendix M)
At this low gravity level, density gradients are not hydrodynamically unstable and
do not induce a convective flow. Rather, heat and species are transported solely by
diffusion. From preliminary experiments reported by Pearlman [2000] conducted in
a 10.2 cm i.d. spherical quartz reactor at reduced-gravity using a 66.7% n-C4H10+
33.3% O2 premixture at Tw = 583 K and Pinitial = 30.3 kPa, Figure 1.8b shows a
cool flame initiating at the center of the reactor and propagating spherically outward.
Since the reaction is spherically symmetric, the problem is one-dimensional transient.
Note also that the reaction initiates in the center of the reactor where the temperature
is highest. The light emission from the cool flame spherically propagates to the wall
in the direction of the temperature gradient and higher mass density. Most recent
experiments using n-butane + oxygen premixtures diluted with helium showed that
multiple cool flames can also occur at reduced-gravity [Pearlman, 2007]. Pearlman
et al. [Pearlman et al., 2003; Foster and Pearlman, 2006a] also explored the effect of
gravity on premixed, equimolar propane + oxygen cool flame transport effects and
found that as gravity decreases, the induction time and pressure amplitude increase.
Pearlman [2000] and Foster [2006] showed a decrease in the induction time and the
cool flame pressure amplitude as gravity was reduced for 66.7% n-C4H10+ 33.3% O2
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and 50% C3H8+50% O2 premixtues, respectively. Since conduction and species dif-
fusion play stronger roles at lower gravity levels and are generally slower processes
relative to convective transport, the heat loss and species termination at the wall are
expected to decrease as the gravitational acceleration is decreased, and therefore the
induction times also decrease.
1.2.2 Combined Effects of Natural Convection and Conduction
For Ra ' 400, natural convection plays a significant role in closed reactor studies
and complicated flow patterns can develop. The effect of buoyancy can clearly be
observed in Figure 1.8a since the reaction initiates at the top of the reactor and
propagates outward and downward. Though difficult to see in Figure 1.9d, once the
flame reaches the bottom of the reactor, its light emission diminishes as it contracts
and translates vertically upward through the center.
Experiments were also run at partial gravity (Lunar, 0.16g, and Martian, 0.38g)
and Earth gravity [Pearlman et al., 2003; Foster and Pearlman, 2006a; Foster, 2006].
Figure 1.9 shows representative sequences of cool flames in an equimolar n-C4H10+O2
premixture for different gravity-levels at the same initial temperature and pressure.
In Figure 1.9a (10−2g), the flame front is spherical, and it starts at the center and
propagates radially outward. At 0.16g, the Lunar gravity cool flame starts near the
top of the reactor, which suggests the onset of convection. As it propagates through
the reactor, the front maintains a convex shape. At Martian gravity (0.38g), the
cool flame is nearly flat, and at Earth gravity (1g), the cool flame is concave in the
center, then flattens out in the vicinity of the wall. The distortions in the flame front
curvature can be attributed to the self-induced recirculating flow that rises in the
center and recirculates downward along the wall. Moreover, the magnitude of the
centerline velocity of the recirculating flow increases with increasing Ra as was shown
31
(a) 10−2g (b) 0.16g (c) 0.38g (d) 1g
Figure 1.9: Cool flame images, at 1/15 s intervals, using an equimolar n-C4H10 + O2 premixture at Tinitial = 573 K and
pinitial = 20.7 kPa in a 10.2 cm diameter reactor. Images enhanced for clarity. (Figure copyright—Appendix M)
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numerically using the Gray-Yang model [Yang and Gray, 1969a] augmented with
diffusion by Fairlie et al. [2000] and weak convection by Foster and Pearlman [Foster
and Pearlman, 2006a; Foster, 2006]. Figure 1.10 shows representative computations
for the 2-D (a) temperature contours and (b) the velocity field at 0g, 0.16g (Lunar),
0.38g (Martian), and 1g (Earth) at P = 40 kPa and Tw = 600 K. The shape of
the temperature contours are representative of the observed reaction front geometries
(spherical, convex, flat, and concave) based on the visible emissions described above
and shown in Figure 1.9.
Note also that Campbell et al. [2006b] modeled the toroidal flow (Figure 1.11)
using the Sal’nikov mechanism. Qualitative comparison of the results suggest that
the center core of the flow rotation is closer to the center of the reactor than the
Wang-Mou prediction in Figure 1.10b at 1g.
1.3 Numerical Analysis
1.3.1 Wang-Mou Global Model
To understand the role of diffusive fluxes of heat and species on the propaga-
tion and stability of low-temperature reactions and cool flames, the Wang and Mou
thermokinetic scheme [Wang and Mou, 1985; Liang et al., 2003] was adopted and
modified to include diffusive fluxes of heat and species. As mentioned, this scheme
was based on the original Gray-Yang model with the addition of a high-temperature
branching step. In addition, the Wang-Mou model has successfully been shown to
capture modes of slow reaction, oscillatory cool flames, oscillatory two-stage ignitions,
complex oscillations and high-temperature ignition in a CSTR [Liang et al., 2003],
while the original 4-step Gray-Yang model did not capture oscillatory two-stage igni-
tion and complex oscillations.
In Section 3.4, a new non-dimensionalization of the Wang-Mou model is derived
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(a) Temperature contours (K)
(b) Velocity field at various g-levels
Figure 1.10: 2-D (a) temperature contours and (b) velocity vector profiles at different
g-levels for P = 40 kPa, Tinitial = 600 K, and t = 28 s predicted using the Gray-Yang
model augmented with diffusion and weak convection [Foster, 2006]. The magnitude
of the vertical velocity component at the axis center is 0.17 m/s at 0.16g, 0.27 m/s at
0.38g, and 0.12 m/s at 1g (see [Foster, 2006, Fig. 5.6] for velocity versus time plots).
Velocity field arrow length is proportional to the magnitude of the vector field.
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Figure 1.11: (a) Toroidal flow predicted using the Sal’nikov model with diffusive fluxes
and natural convection, and (b) temperature and density profiles along the vertical
axis of the reactor [Campbell et al., 2006b]. (Figure copyright—Appendix M)
and is applied to a static reactor. A diffusion time, rather than the flow residence
time (used for CSTR studies), was used to non-dimensionalize reaction rates and time.
The species concentration equations and energy equation were then derived for a one-
dimensional and a spherically-symmetric domain. The numerical predictions were
then used to determine the effect of Lewis number (Le, ratio of thermal diffusivity of
the mixture to mass diffusivity of the parent fuel) on the predicted temperature and
species concentration distributions. Ignition diagrams were developed for different
Le (Le < 1, Le = 1, Le > 1) for comparison with the experimental cool flame results
obtained using argon and helium diluted mixtures of n-C4H10 +O2 (αHe ≈ 4αAr).
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1.3.2 Effect of Variable Density
This study also extends the non-dimensional Wang-Mou scheme to include dif-
fusion and variable gas density, which are important at low Ra’s for non-isothermal
reactions with large temperature rises (∆T & 100 K) and ignitions. Prior work by
Foster and Pearlman [Foster and Pearlman, 2006a; Foster, 2006] with the Gray-Yang
scheme assumed the flow was incompressible and density variations were accounted for
by using the Boussinesq approximation,
(
ρ
ρ0
)
g¯, which assumes the temperature rise
is small, i.e., ∆T
T0
≪ 1. The incompressible assumption, however, fails as ∆T
T0
increases
and the importance of compressibility on the temperature, species concentration, and
flow field becomes increasingly important.
1.4 Motivation for Studying Cool Flames and Their Dynamic Reactive-
Diffusive Structure
As discussed, further understanding of the transport effects in the low and inter-
mediate temperature regimes enable advancement in chemical kinetic models in the
following ways.
• Refining detailed and reduced kinetic models
• Increasing the understanding of transport effects on ignition characteristics and
mechanisms that control the onset, propagation, and stability of cool flames.
Other areas that will benefit from further research into the low and intermediate
temperature regimes include:
Fire Safety
• Explosion mitigation—determining the conditions within the NTC range of fuels
that promote ignition due to enhanced conduction heat loss from the gas phase
[Gray, 1970]. This conclusion has implications for fuel storage safety.
• Prevention techniques for the potential hazards of cool flames [Pekalski et al.,
2002; Kagan et al., 1997], which includes the European Union sponsored SAFe
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and Efficient hydrocarbon oxidation processes by KINetics and Explosion eX-
pertise (SAFEKINEX) to “further develop both the explosion safety knowledge
and the kinetic interpretation from a fundamental standpoint” [Pasman et al.,
2005].
Engines
• Additional insight into knock behavior in spark ignition (SI) engines [Jost, 1946;
Lignola and Reverchon, 1987].
• Possible improvements to the control strategy for Homogeneous Charge Com-
pression Ignition engines [Griffiths and Whitaker, 2002; Griffiths, 2005].
Partial Oxidation for Select Species Production
• Data to determine the conditions to perform partial oxidation for optimal hy-
drogen production for fuel cells [Naidja et al., 2003; Hartmann et al., 2003] as
well as other useful byproducts.
1.5 Overview of Thesis
As discussed in the Literature Review, a significant amount of work has focused
on understanding the chemistry, yet multi-dimensional models with transport have
received less attention. The zero-dimensional system is the simplest to study and
transport can be disregarded provided the overall heat transfer coefficient is ade-
quately determined. In practice, however, reactions typically occur in complex ge-
ometries and are transient and three-dimensional (3-D). 3-D time-dependent models
that include transport are computationally expensive and time consuming. Therefore,
1-D spherically-symmetric models, such as those discussed in this thesis reduce the
computational expense. In addition, no approximations of the overall heat transfer
coefficient are required and diffusion is well understood [Fairlie et al., 2005; Campbell
et al., 2005a,b].
At present, no expression that incorporates the effects of curvature, heat loss,
thermal expansion and Lewis number on laminar cool flame speeds exists as it does
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for premixed gas flames [Ronney and Sivashinsky, 1989]. While a recent two-step
Sal’nikov model augmented with diffusive transport [Fairlie and Griffiths, 2002b] sug-
gests that cool flame oscillations damp as Le increases (for Le ≥ 1), the Sal’nikov
mechanism is purely based on thermal feedback, not chain-thermal feedback that is
characteristic of hydrocarbon oxidation and cool flames.
The work reported in this thesis, therefore, focuses on 1-D studies, both numer-
ical and experimental and clarifies the role of diffusive transport on cool flames and
ignitions. Such conditions become increasingly important in small vessels and low
pressure with weakly reactive mixtures. They are also relevant for fire safety aboard
space-craft.
The specific achievements of this work include the following:
1. Explored the role of diffusive transport on low and intermediate temperature
hydrocarbon oxidation and its effect on the ignition diagram and temperature
and species concentration distributions.
Approach: (1) performed experiments at reduced-gravity with an equimolar
n-C4H10 + O2 premixture; (2) compared empirical and numerical ignition di-
agrams; (3) used the non-dimensionalized Wang-Mou model in both a 1-D
spherically-symmetric and a 2-D axisymmetric domain; (4) and calculated tem-
perature and species concentration distributions to develop ignition diagrams
at various Le.
2. Investigated the diffusion-controlled cool flame speed in a equimolar C3H8+O2
premixture and compared it to a one-dimensional numerical study.
Approach: (1) obtained experimental data from reduced-gravity flights; (2)
used image processing software to determine the flame front position versus
time and subsequent velocity; (3) adjusted flame speeds to account for flame
stretch due to spherical propagation; and (4) compared empirical speeds to
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those determined from numerical computation.
3. Examined the validity of the incompressible assumption.
Approach: (1) applied the non-dimensionalized Wang-Mou model to the com-
pressible and incompressible (with the Boussinesq approximation) Navier-Stokes
equations and (2) compared representative temperature, density, and species
concentration distributions from the compressible and incompressible calcula-
tions.
The following chapter discusses the experimental equipment and methodology
used to obtain the data for the analyses and comparisons to numerical calculations.
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2. EXPERIMENTAL APPARATUS AND METHODOLOGY
To perform unstirred, static reactor experiments in the laboratory (1g) and aboard
NASA’s KC-135A reduced-gravity aircraft, a closed, static reactor apparatus was
designed, built, and tested by researchers and technical staff at NASA Glenn Research
Center at Lewis Field. The apparatus consists of a spherical, fused-silica reactor
with a single gas entry/exit port that is housed in a high temperature furnace. It
is a Mallard-Le Chatelier unstirred reactor that is initially evacuated and heated
and then filled with a fuel-air mixture to a prescribed pressure. Also note that
the apparatus is designed so that it can be used in both facilities. The design and
operation of the equipment and the operating procedure is discussed in Sections 2.1
and 2.2. The limitations inherent in all static reactor experiments are then discussed
in Section 2.3. For additional details, one may also refer to prior work using the same
equipment [Foster, 2006, chapt. 2].
2.1 Experimental Apparatus
Similar to other static reactor experiments, the reactor design and gas flow system
is based on the original work of Mallard and Le Chatelier [1880] where premixed reac-
tants are injected into a pre-evacuated reactor from a pressurized cylinder. Figure 2.1a
shows a schematic of the main components, which include the furnace, the gas mix-
ing and delivery system, and the reactor. All required equipment and diagnostics are
mounted on two portable carts—the Furnace Cart and the Gas Cart (Figure 2.1b).
The Furnace Cart contains the furnace and reactor and the Gas Cart contains the
partial pressure gas mixing system, gas storage cylinders, a vacuum pump, and data
acquisition components. Note that the gases are premixed and stored on the cart
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(a)
(b)
Figure 2.1: The Mallard-Le Chatelier based experimental apparatus: (a) schematic
diagram [Pearlman, 2000] and (b) photograph. In (b), the Furnace (left) and Gas
Carts (the regulation side of the Gas Cart faces the furnace) are mounted on their
transport bases.
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prior to testing at which time they are regulated into a 50 cm3 sample cylinder. The
reactor is initially evacuated and, once a manual valve to the vacuum pump is closed,
a solenoid valve is opened to begin a test, injecting the 50 cm3 premixed fuel-air
mixture into the evacuated reactor. Once the desired pressure is obtained, a solenoid
is closed and the reactor is monitored by a 0–172 kPa pressure transducer and two
orthogonal ICCD cameras. For select tests, a thermocouple (TC) rake was inserted to
collect data on the radial temperature distribution. All of the pressure and temper-
ature data is displayed and recorded using a LabVIEWTM Virtual Instrument (VI)
on a laptop computer. Once the reaction is completed, the solenoid valve and the
manual valve to the vacuum pump are opened, the reactor is evacuated, and the next
test is prepared.
2.1.1 Furnace Cart
The main components on the Furnace Cart are the reaction vessel, a 873 K furnace
and temperature-controller, and data-acquisition hardware to record temperature,
pressure, and light emission from two orthogonal cameras (top and side).
The reaction vessel was a spherical fused-silica bulb with an internal diameter of
10.2 cm and a 3 mm thick wall. The reactor has a single, 30.5 cm long inlet/exhaust
port (6 mm i.d.), which passes through a 15 mm i.d. Macor ceramic sleeve in the
furnace door (see Figure 2.2) where it interfaces with the gas delivery system and
associated tubing using a Swagelok Ultratorr fitting. (Since all tests conducted were
at sub-atmospheric pressure, this connection was adequate.) To measure the flask
pressure, a Setra 204 pressure transducer (0–172 ± 0.19 kPa) was connected to the
reactor port on the cold side of the furnace door. An expanded section was added at
the interface of the spherical bulb and the reactor port tube to avoid a high-stress
point during the high-g pull-up of the KC-135A.
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Figure 2.2: Photograph of the spherical reactor with the thermocouple bead locations
added. The reactor neck passes through a Macor ceramic sleeve in the furnace door.
The radial temperature distribution was obtained using five type-K thermocouples
(bead diameter = 0.71 ± 0.03 mm) inserted along a horizontal radius of the reactor
through the gas filling and evacuation port. Thermocouple (TC1) was situated at the
center of the reactor and the adjacent thermocouples (TC2–TC5) were positioned 1.29
± 0.01 cm apart. The thermocouples were butt-welded with an exposed bead made
from 0.508 mm diameter Chromel and Alumel wires. According to manufacturer
specifications, the advertised response time for a type-K 0.71 ± 0.03 mm diameter
bead was 1.5 ± 0.1 s (defined as the time to 63.2% of the actual temperature when
subjected to an instantaneous temperature change starting from room temperature
air at atmospheric pressure in a 19.8 m/s flow) [Omega Engineering, Inc., 2006]. Since
the response time is strongly dependent on the heat transfer from the reacting gas to
the thermocouple, the conditions used by Omega to determine the response time do
not apply to this study’s reduced-gravity experiments since the flow was initially qui-
escent and conduction, rather than convection, is the only heat transfer mechanism
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between the reacting gas and the thermocouple bead. Thus, an improved estimate of
the thermocouple response time was determined by solving the time-dependent heat
conduction equation in spherical coordinates assuming conduction within the gas and
the thermocouple bead (computational details provided in Appendix B). Conduction
along the thermocouple wires and radiation were neglected. The thermocouple prop-
erties were assumed to be independent of temperature and taken for Chromel; the
bead diameter was 0.71 mm. The surrounding medium was taken to be an equimolar
premixture of n-C4H10 + O2 at 50.7 kPa. The computed response time was then
determined to be approximately 2.8 s, 87% longer than the value reported in the
literature. Regardless, the residence time of the cool flame in the vicinity of the ther-
mocouple (approximately 0.01–0.02 s) was significantly shorter than the thermocouple
response time and therefore the measured temperature histories underestimate the
actual gas temperatures. The recorded temperature trends, however, are expected
to remain unchanged. For quantitative measurement, finer wire thermocouples are
needed. Thermocouples with very small bead diameters (0.025 mm) have a response
time (approximately 0.006 s [Omega Engineering, Inc., 2006]) shorter than the res-
idence time of a propagating cool flame for the subatmospheric, equimolar propane
and butane-oxygen mixtures considered.
The furnace was resistively heated with heating elements mounted internally in
the rear and top panels. An internal mixing fan circulated the heated air to improve
temperature uniformity. A random sampling of temperature measurements within the
oven indicated that the temperature uniformity within the oven was ±10 K through-
out its operating range (293–873 K) [Pearlman, 2000].
To image the reaction, two intensified CCD cameras monitored the reaction from
the side and the top through three-pane quartz windows (each pane: 0.32 cm thick
and 7.5 cm square), housed within square ceramic plates that had circular viewports.
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The viewports had a diameter of 6.4 cm, and each pane was spaced approximately
1.3 cm apart to minimize heat loss through the windows and therefore improve the
internal temperature uniformity.
A Xybion model 232374 and a Dalsa/SMD ICCD-1M30P camera equipped with
a fiber-coupled 18 mm Gen II UV image intensifier were used for different tests to
acquire intensified video records from the top of the furnace. A Hamamatsu ICCD
C5909 monitored the orthogonal side view. Figure 2.3 shows the spectral response
for the cameras [Hamamatsu, 2000; Xybion: Rita L. Cognion at ZIN Technologies,
personal communication, December 15 2005; DALSA, 2007]. Note that the peak sen-
sitivity of the Hamamatsu and the Xybion cameras are near 400 nm—approximately
410 nm and 450 nm, respectively. (Note, excited formaldehyde has a strong band
near 408 nm [Kondratiev, 1936].) Images from the Dalsa camera, which were later
processed to analyze the cool flame speeds, were unfiltered (due to the overall weak
light intensity of cool flames) and captured with maximum gain at 30 fps.
2.1.2 Gas Cart
The Gas Cart was designed to mix, store, regulate, and deliver a premixed gas at
pressures up to 689 kPa. Each of the Gas Cart’s four sides has a specific purpose:
(1) to mix the reactants by partial pressure, (2) to store and deliver the premixture,
(3) to control the high pressure actuated pneumatic solenoid valves, and (4) to store
inert gases for purging and pneumatic solenoid valve actuation. A complete plumbing
diagram for the Gas Cart is shown in Appendix C. In addition to the gas system,
an LCD monitor that displays the output from the side-mounted Hamamatsu video
camera was mounted on the top of the cart so that the reaction could be imaged in
real-time. A laptop running a LabVIEWTM VI (Figure 2.10) is used for controlling
all electric solenoids in the gas system, monitoring the pressure and temperature
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(a) Hamamatsu C5909 (side camera)
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Figure 2.3: Spectral responses of the low-light intensified cameras reported by the
manufacturers (see text for references).
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histories in the gas lines and reactor, and storing data and is also attached to the
top of the cart. Two VCR’s are mounted on the cart to record the camera output.
The cameras are synced with two Horita timing code generators. A Granville-Phillips
375 Convectron thermocouple gage is also mounted on the Gas Cart and plumbed
in-line with the reactor to monitor the initial vacuum pressure prior to each test.
During each test, only the delivery side is used, allowing the operator easy access to
all needed controls. The output gas port/vacuum is then coupled to the reactor input
on the furnace using a 0.25 in Swagelok flex line. In addition, a base plate is bolted
to the floor of the plane so that the Gas Cart can be rolled onto it and secured to
the plane. Holes in the plate and cart aligned, allowing cotter pins to be inserted,
effectively stabilizing the cart during the plane’s high and low g-level maneuvers.
High Pressure Gas Storage
At the bottom of the Gas Cart, two 3840 cm3 high-pressure (10.3 MPa) 316
stainless steel cylinders are mounted and used for storing helium and nitrogen at
689 kPa. The helium is used to purge the gas lines and the reactor prior to testing,
and the nitrogen is used to actuate the pneumatic solenoid valves, which are used
in all lines through which a flammable premixture can flow. The pressure from
these cylinders is regulated from the storage side of the cart with appropriate quick-
connects, ball valves, and pressure gages in order to safely fill the nitrogen and helium
storage cylinders (see (Figure 2.4).
Partial Pressure Gas Mixing
To premix the fuel, oxidizer, and inert gases, four independent gas lines are avail-
able on the mixing side of the cart (Figure 2.5), each equipped with a needle valve
and a shut-off valve. The vacuum pump is also connected to all lines and the com-
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Figure 2.4: High pressure nitrogen and helium supply panel side of Gas Cart.
48Figure 2.5: Mixing side of Gas Cart.
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Figure 2.6: High pressure nitrogen and helium gas delivery and regulation side of Gas Cart.
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Figure 2.7: Gas delivery and storage side of Gas Cart.
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mon volume and is used to evacuate residual gas in the manifold after each gas is
introduced. Pressure transducers monitor the pressure of the fuel, oxidizer, and inert
gases (helium and nitrogen) during the partial pressure mixing process.
A sufficient quantity of a gas mixture is needed to conduct multiple tests with
the same batch of reactants to ensure a consistent premixed composition. Therefore,
3840 cm3 cylinders are connected to the mixing system via a SwagelokTM quick-
connect and are filled to a total pressure of 689.5 kPa. Based on the desired equiva-
lence ratio, the partial pressures necessary for each constituent is computed. Three
in-line Setra 204 pressure transducers (0–69 kPa, 0–172 kPa, 0–689.5 kPa) monitor
the pressure during the mixing process with different ranges to improve the accuracy
of the mixture. Each transducer has an accuracy of ±0.11% Full Scale. As an exam-
ple, to mix the equimolar premixture used in most of the experiments, the 3840 cm3
cylinder is filled to 344.6±0.76 kPa with fuel and then 344.6±0.76 kPa with O2. Once
filled, the cylinder is disconnected and remains undisturbed to allow the mixture to
homogenize via molecular diffusion. The estimated diffusional time needed based on
the length of the cylinder and the mass diffusivity of propane into oxygen is 71 hrs
(see Section 2.2.2 for more details).
Regulation
The regulating side of the cart (Figure 2.6) has regulators and high pressure
gages (0.101–20.786 MPa) used to deliver the on-cart nitrogen and helium supplies.
The nitrogen, regulated to 551 kPa, actuates all of the pneumatic solenoid valves,
with pilot pressure for each valve controlled by an electric solenoid. The helium is
provided to enable the operator to purge the system as necessary and is also available
as a safety measure (extinguishing agent) should the flammable premixture ignite
within the gas delivery system or interconnecting tubing with the furnace. Additional
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hardware is attached on the regulating side that includes the power controllers and
signal processing hardware detailed later in this chapter.
Delivery
To store the premixed gas for testing in the laboratory and aboard NASA’s KC-
135A, four 300 cm3 stainless-steel storage cylinders are mounted on the gas delivery
side of the cart. Dial pressure gages are connected to each cylinder to visually indicate
the bottle pressure (Figure 2.7). Each cylinder can be filled to 689.5 kPa and is
protected from over pressurization by pressure relief valves and burst discs.
For each test, the operator fills a 50 cm3 sample cylinder from the 300 cm3 cylinders
using a vacuum-sealed needle valve to meter the gas. A pressure transducer connected
to the 50 cm3 sample cylinder is then used to read the internal 50 cm3 sample pressure.
At the exit of the sample cylinder, a pneumatic solenoid valve (“Fire Valve”), one
of two in-line valves that separate the reactor from the gas sample, is opened to
introduce the gas into the reactor. The gas delivery side of the cart also provides
access to two VCR’s used for recording the orthogonal flame images. The VCR’s are
synced with two Horite model SR-50 timing-code generators.
Test Control and Monitoring
A laptop running a LabVIEWTM .vi program is used to control all electrical
solenoid valves and acquire the pressure, temperature, and three-axis acceleration
data. The user interface allows the operator to also monitor real-time gas pressures
as well as furnace and thermocouple temperatures (see Figure 2.13). An LCD monitor
attached to the top of the cart displays real-time video from the side camera. Velcro
is used to prevent the laptop from floating away during reduced-gravity maneuvers.
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2.1.3 Additional Hardware Specifications
The Gas and Furnace Carts are structurally reinforced and satisfy the require-
ments of NASA’s KC-135A aircraft microgravity program [Yaniec, 2002]. All ex-
periments flown on the plane must be designed to endure various g-forces applied
in different directions. Specifically, the structure can support the following loads:
forward—9g, aft—3g, down—6g, lateral—2g, and up—2g [Yaniec, 2002].
The gas pressures during mixing, test preparation, and the reaction are measured
by Setra 204 transducers. The transducer measuring the flask pressure has a range
of 0–172 ± 0.19 kPa. (The pressure in the flask is the only pressure recorded during
a test.) A National Instruments (NI) DAQCard-AI-16XE-50 converts the 0–5 V
output from the pressure transducers and thermocouples to an 8-bit digital signal
that is imported by the LabVIEWTM .vi routine at 100 Hz. A NI FieldPoint FP-1000
communicates digital output control from the LabVIEWTM .vi routine.
An ALCATEL Pascal 2010 SD rotary vane pump, mounted on the Gas Cart and
connected to the gas delivery system, is used to evacuate the reactor before and
after each test and can achieve a manufacturer advertised minimum base-pressure of
0.001 kPa. A BOC Edwards GVSP30 dry-scroll pump can also be connected to the
gas delivery system via a flex-line hose for reduced-gravity testing when lubricants
cannot be used. The BOC pump also has a manufacturer advertised base pressure of
0.001 kPa.
2.2 Experimental Methodology
2.2.1 Reduced-Gravity Environment
As discussed in Section 1.2, transport by diffusion and buoyant convection sig-
nificantly affect the time-dependent behavior of low-temperature reactions and cool
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Figure 2.8: Flight trajectory of the KC-135 microgravity aircraft.
flames, yet until recently, most models did not include transport and were spatially
homogeneous. To study transport effects, the relative importance of convection and
diffusion can be systematically varied by varying the gravitational acceleration, i.e.,
the Rayleigh number, using NASA’s microgravity facilities. Experiments conducted
at Earth gravity, partial gravity, and reduced-gravity can be conducted without chang-
ing the mixture composition, vessel size, etc., and the roles of diffusive and convective
transport on ignition time, ignition location, and pressure rise can be studied. The
Microgravity Combustion Laboratory at Drexel University’s Frederic O. Hess Labo-
ratory was the primary location for all laboratory testing. Flights aboard NASA’s
KC-135A aircraft at the Glenn Research Center at Lewis Field in Cleveland, Ohio,
provided the platform for all reduced-gravity tests. The aircraft flew parabolic trajec-
tories (as shown in Figure 2.8). During the free-fall period of the trajectory, 20–23 s
of reduced-gravity was simulated.
To begin the parabola, the pilot flew a 45 degree pull-up where the g-level increased
from 1g to 1.8g for approximately 35 s (shown in Figure 2.13). Prior to the apex of the
parabola (approximately 9,800 m), the pilot throttled back the engines and put the
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aircraft into a controlled free-fall during which time the g-level was approximately
10−2 ± 0.05g. After 20–23 s, the plane approached the bottom of the parabolic
trajectory/minimum altitude (approximately 8,300 m), and the pilot throttled up
the engines and began another “pull-up.” Approximately 40 such parabolas were
flown during one flight-day, and each flight campaign was four days.
Flying other parabolic trajectories enabled the simulation of partial gravity envi-
ronments (Martian, 0.38g, or Lunar, 0.16g). Approximate test times at Lunar and
Martian were 27 s and 35 s, respectively. When requested, a single elevated gravity
test (≈ 1.5g) was also conducted. These tests were conducted by the pilots holding
the plane in a constant turn. The turns (i.e., 1.5g test times) were maintained for
approximately 67 s. Figure 2.9 shows a comparison of a 1.5g test to a 1g test at
similar conditions for an equimolar n-butane+oxygen premixture at Pinitial ≈ 22 kPa
and Tw = 573 K. Two cool flames were observed at 1.5g. The first induction time is
23 s and the second induction time is 33 s. At 1g, the induction times are as follows:
1st—26 s, 2nd—12 s, and 3rd—15 s. Though the first induction time for 1.5g was
affected by the fill time, the 2nd induction time was 12 s longer than at 1g due to the
enhanced convective cooling and species transport at the higher g-level.
2.2.2 Partial Pressure Mixing of Reactants
The reactants (fuel, oxygen, inert(s)) were mixed by partial pressure using the
mixing side of the Gas Cart (Figure 2.5). The transport lines and gas storage cylinder
were initially evacuated by the vacuum pump to 4 Pa or below. A 3840 cm3 316-
stainless steel cylinder was then filled with the fuel (supplied to the cart from a
regulated bottle attached to the cart via a quick-connect; purity: propane, 99.5%;
n-butane, 99.5%) to 344.8 kPa for a 1:1 by volume mixture using a needle valve to
regulate the fuel flow and a Setra 204 (0–689.5 ± 0.76 kPa) pressure transducer to
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Figure 2.9: Pressure histories for an equimolar n-butane+oxygen premixture at 1g
(in the lab) and 1.5g (aboard the KC-135A), and z-acceleration history for the 1.5g
test normalized by 1g. Conditions were as follows: Tw = 573 K; Pinitial ≈ 22 kPa;
and a spherical, quartz reactor, R = 5.1 cm i.d.
monitor the cylinder pressure. The cylinder was then isolated, the transport lines
evacuated, and the pump isolated by closing a vacuum hand valve (valve V004).
The cylinder was then pressurized to 689.6 kPa with the oxidizer (purity: oxygen,
99.994%). Note that introducing the fuel first was done to eliminate the possibility of
having a stoichometric mixture during the filling process. As mentioned, the 3840 cm3
cylinder mixture remained undisturbed for 71 hrs to allow the mixture to become
homogeneous. This estimate was calculated by using a diffusion time for propane
into oxygen at 293 K and 689.5 kPa based on a scaling estimate of tdiff = L
2/Dij,
where L is the axial length of the cylinder, 0.63 m, andDij is the binary mass diffusion
coefficient of oxygen into propane, 1.56e−6 m2/s, or vice versa. The diffusion time thus
equates to 71 hours (≈ 3 days). (This scaling analysis is expected to be conservatively
long since the turbulence induced by the oxidizer flow into the cylinder aids in the
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mixing process.)
2.2.3 Pre-test Procedure
To fill the four 300 cm3 storage cylinders housed on the delivery side of the Gas
Cart, the transport lines and the storage cylinders were evacuated to 4.0 Pa or be-
low. Once the vacuum pump was isolated, the 3840 cm3 cylinder was used to fill the
300 cm3 cylinders. The gas in the cylinders was then isolated and the 3840 cm3 cylin-
der was disconnected. Before each test, the operator used the needle valve (FHX036)
to regulate the flow from a 300 cm3 cylinder into the 50 cm3 sample cylinder to a
pressure of approximately three times the desired initial gas pressure in the reactor.
The factor of three was required to fill the transport lines and the pre-evacuated
reactor to the desired pressure when injected.
In addition, the reactor was cleaned with a dilute solution of ammonium bifluo-
ride [Timokhin and Komarova, 1985], (NH4)HF2, thoroughly rinsed with deionized
water, and dried to condition the surface of the quartz reactor and remove soot before
each series of tests.
Additional setup and pre-test procedures are given in Appendices D–H.
2.2.4 Operating Procedure
The NI LabVIEWTM .vi provided the operator with the ability to monitor the data
in real-time while storing the pressure, temperature (thermocouple and furnace), and
three-axis acceleration data. The program displays the pressure and the temperature
at various points in the system (sample cylinder pressure, reactor pressure, thermo-
couple temperatures) and plots reactor pressure, thermocouple temperatures, and
oven temperature in near real-time during testing.
Figure 2.10 shows the interface that the operator used during testing. Starting
58
Figure 2.10: Screenshot of the LabVIEW control and DAQ interface. (Units of
pressure and temperature are “psi” and “◦C”, respectively, unless otherwise specified.)
with the Sample Cylinder in the upper left portion of Figure 2.10, pressure transducers
FHX041 and FHX042 (at higher initial pressures) measured the pressure in the sample
cylinder prior to injection. Prior to each test, the sample cylinder was filled and the
Oven Valve FHX053, in the Reactor section, was opened (ON) to allow the products
of the previous test to be evacuated through the vacuum pump to a pressure of 4 Pa
(or below).
To start a test, the operator initiated the data acquisition and video recording
and isolated the vacuum (valve FHX046). The operator then selected the INITI-
ATE PARABOLA button, which started the recording of the data at 100 Hz and
automatically incremented the “Test #” to the next sequential value. (The “Test
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#” is appended to the end of the data file name.) The vertical component of the
accelerometer, ACC003, was then monitored visually. When the acceleration ap-
proached 10−2g, the operator opened the pneumatic solenoid valve at the exit from
the Gas Cart (“Fire” Valve), allowing the contents of the 50 cm3 sample cylinder
to be injected into the reactor. When the pressure in the reactor reached the de-
sired initial pressure, as indicated by FHX060, the operator closed the solenoid at
the furnace (“Oven” Valve) to isolate the reactor. The Fire Valve was then closed.
During the test, the pressure was monitored by FHX060 or the Strip Chart. TMP001
and TMP002 monitored the furnace temperature and FHX054–058 (TC1–TC5, Fig-
ure 2.2) monitored the radial gas temperature in the reactor from the five type-K
thermocouples. The computer also recorded the pressure, temperature, and accelera-
tion data, and the VCR’s recorded the visible light from the intensified cameras. After
the reaction achieved a final equilibrium in the lab (determined when the pressure
equilibrated and the gas temperature cooled to near the reactor wall temperature) or
the KC-135A aircraft pulled out of its free-fall reduced-gravity maneuver, the operator
opened the “Fire” and “Oven” solenoid valves to evacuate the reactor in preparation
for the next test.
At the end of each test, the operator opened the “Oven” Valve and the manual
vacuum valve (valve FHX046) on the delivery side of the cart, which allowed the
vacuum pump to evacuate the residual gas from the reactor and transport lines to
a pressure (measured and displayed by the thermocouple gage, V006) of 4.0 Pa or
below.
To remove any residual partially oxidized and product species from the preceding
test prior to the start of a new test, the reactor should be flushed with inert gas
several times. In order to maximize the number of tests on the plane, the operators
evacuated the products from the reactor but did not flush the reactor with an inert gas
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due to time constraints. The residual gas could alter the ensuing test by increasing
the thermal diffusivity through smaller species or increasing the reactivity with active
species. Foster [2006] examined tests from different flight weeks and found differences
only with conditions that were near reaction mode boundaries.
2.3 Limitations of Static Reactor Testing
2.3.1 Introduction
In all static reactor experiments, the initial conditions must be established within a
small fraction of the first induction period to ensure that the experimental results are
not obscured by residual gas motion resulting from the rapid injection of reactants.
The temperature and pressure must also equilibrate within a small fraction of the
induction period. The times required to achieve quiescence, thermal equilibration,
and pressure equilibration can be estimated with scaling analysis. For a detailed
review of static reactor testing and limitations, refer to the work of Barnard and
Harwood [1974].
For all experiments reported in this thesis, pressure equilibration was achieved
within approximately 2–5 s after the injection of the reactants as determined from the
pressure histories. Thermal equilibration was achieved in less than 5 s as determined
from thermocouple measurements taken in the reactor using a non-reactive equimolar
n-C4H10+N2 premixture injected into the preheated vessel at pressures spanning the
range of those considered, i.e., 13.8 to 65.5 kPa. Also addressed in this section are
the complications associated with the timing of test initiation.
The induction times reported in this thesis are defined as the time differences
between the opening of the “Fire” Valve (which enables the pressurized reactants
to flow into the reactor) and the onset of reaction, not the time from when the
initial conditions are established (initial pressure and temperature equilibrate) and
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the onset of reaction. Since the numerical modeling initial conditions are established
at t = 0, a comparison between experimental and numerical induction times are
expected to differ by less than 5 s (the maximum time needed to establish pressure
and temperature equilibrium).
2.3.2 Establishment of the Experimental Initial Conditions
Initial Quiescent Flow
The 50 cm3 sample cylinder with the premixed gas charge is isolated from the
reactor via a solenoid valve. When the solenoid is opened, the reactant flow is initially
choked. As the reactor fills, the flow is no longer choked when Pupstream
Pdownstream
/ 2, which
occurs at approximately 50% of the fill time. Viscous dissipation is the primary
mechanism to damp the initial turbulence. Neglecting flow acceleration, pressure
gradients, and body forces (which are weak during reduced-gravity experiments), the
Navier-Stokes equation reduces to a balance between the time-dependent term and
viscous term, ρ δu
δt
= µ δ
2u
δx2
. Solving for the viscous dissipation time, tviscous ≈ R2/ν,
where R is the characteristic size (5.1 cm for the radius of the reactor used) and ν
is the kinematic viscosity of the gas mixture. For equimolar propane + oxygen at
20 kPa and 600 K, ν = 1.66e−4 m2/s; thus, tviscous ≈ R2/ν = 15.7 s, roughly half of
the available test time aboard the KC-135A. In all data reported herein, the viscous
time was roughly 50% of the induction period.
Temperature Equilibrium
The time required for thermal equilibrium was determined by injecting propane +
nitrogen mixtures into a preheated, pre-evacuated reactor while monitoring the tem-
perature in the vessel. Figure 2.11 is a plot showing the temperature at the center for
four different pressures at terrestrial conditions measured with a 0.127 mm diameter
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Figure 2.11: Temperature history showing preheat times for C3H8+N2 (1.1:1) premix-
tures (Pinitial,1−4 = 26.9, 39.3, 53.1, and 66.9 kPa) at Tw = 578 K. (Figure copyright—
Appendix M)
Figure 2.12: The time constant (τ) associated for temperature equilibration for differ-
ent initial pressures (Pinitial,1−4 = 13.8, 27.6, 55.1, 65.5 kPa) at Tw = 578 K. (Figure
copyright—Appendix M)
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type-K thermocouple that has a response time approximately equal to 1.1 s [Omega
Engineering, Inc., 2006]. Prior to gas injection, the thermocouple is heated radia-
tively from the heated vessel and furnace. When the premixture is introduced, gas
expansion and the lower gas entry temperature cool the thermocouple. The temper-
ature then increases exponentially due to conductive heating from the wall, which
is maintained at constant temperature. The ratio of the change in measured tem-
perature relative to the wall temperature ∆T = (T − Tw) to the initial temperature
difference between the gas and the wall ∆To = (To − Tw) as a function of time is
plotted in Figure 2.12. T is the temperature at the center of the reactor, and To is
the initial temperature of the reactants before injection. The average time constant,
τavg, obtained from a curve fit of the form exp(−t/τ) is 6.5 s, showing little (if any)
dependence on the initial pressure.
Pressure Equilibrium
The time for pressure equilibrium depends on the pressure differential between the
cold reactants and the heated reactor, the size of the reactor and the pressure losses
in the system. The losses depend on the diameter and length of the interconnecting
tubing, the valve sizes, and the gas flow path (e.g., pressure drops in tubing and at
bends). For the system used, the measured time for pressure equilibration ranged
from 2 to 5 s for pressures ≤ 82.7 kPa as initially reported in [Foster, 2006, figs 3.5–
3.11]. Note that the induction periods for equimolar C3H8 + O2 ranged from 4 to
80 s depending on initial temperature, initial pressure, and the gravity-level. Since
all tests were performed with rich mixtures, soot deposited on the internal walls of
the transport lines after many tests restricted the gas entry/exit flow and required
cleaning. When clogging was not an issue, the time for pressure equilibrium was 30%
(or less) of the induction period.
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Figure 2.13: X, Y, and Z-components of acceleration normalized by Earth’s gravita-
tional acceleration, acting on the apparatus through two parabolic cycles. (X, Y—in
horizontal plane relative to aircraft; Z—perpendicular to aircraft and apparatus)
Control of the Effective Gravitational Acceleration
For all lab tests, the gravity level was constant at 1g (9.8 m/s2). Aboard NASA’s
KC-135A, each parabolic cycle experienced a range of g-levels from 10−2g (0.098 m/s2)
to 1.8g (17.64 m/s2) as determined with a three-axis Crossbow CXL02LF3 (sampling
frequency = 50 Hz) accelerometer mounted on the Furnace Cart and oriented such
that X (fore/aft) and Y (side-to-side) are in the horizontal plane of the aircraft and
Z is the vertical component of acceleration. Figure 2.13 shows the normalized accel-
erations recorded by the accelerometer.
As previously mentioned, the reduced-gravity test times at 10−2g, 0.16g, and 0.38g
were approximately 23 s, 27 s, and 35 s, respectively. To maximize the available test
time at partial and reduced g-levels, the operator anticipated the free-fall portion
of the parabolic profile by visual observation of the Z-component of acceleration.
65
Figure 2.14: Pressure history and acceleration data for a cool flame at 10−2g;
Tinitial = 603 K.
This acceleration was indicated on the computer display and by a separate Z-axis
accelerometer (the three-axis Space Acceleration Measurement System) mounted on
the aircraft. The reactants were then introduced a few seconds prior to the plane’s
free-fall decent (as shown in Figure 2.14). When conducted at the same temperature
and pressure, the timing of premixed gas injection (before, during, or after the g-
level stabilization) had a negligible effect on the final reaction mode since the initial
transients required time to equilibrate.
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3. THE ROLE OF DIFFUSIVE TRANSPORT ON LOW AND
INTERMEDIATE TEMPERATURE HYDROCARBON OXIDATION
3.1 Introduction
A series of static, unstirred reactor experiments were performed at terrestrial and
reduced-gravity using an equimolar n-C4H10 +O2 premixture. n-Butane was chosen
because its chemistry is representative of that associated with higher molecular weight
alkanes and the induction times are approximately 20 s or less for many subatmo-
spheric conditions, such that cool flames can be studied in the available KC-135A test
time. To compliment the experiments, a numerical study was also performed using the
5-step global Wang-Mou scheme. Qualitative comparison between the experiments
and model predictions are discussed.
The experimental portion of this study focuses on the pressure, the temperature
distributions, and the recorded visible light distributions associated with cool flames
and multi-stage ignitions observed in closed reactor experiments conducted aboard
NASA’s KC-135A. Reduced-gravity results are then compared to their 1g counter-
parts. As discussed previously, natural convection is suppressed at reduced-gravity,
provided the g-level is sufficiently small to reduce the Ra below Racr(≈ 600).
Following the presentation of the experimental results, the numerical analysis
opens with a description of the Wang-Mou model. The parameters are then non-
dimensionalized and applied to a 1-D and a spherically-symmetric domain. Rep-
resentative temperature and species concentration distributions are computed for a
range of pressures and temperatures and then used to develop ignition diagrams.
Ignition diagrams are developed for Le less than, equal to, and greater than one.
Note that the thermocouple measurements have not been corrected for radiation
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heat transfer and the numerical simulations include conduction and convection, yet
disregard radiation. Because of the size of the thermocouple bead and the relatively
low ∆T for cool flames, radiation is expected to be negligible.
The following equation [Fristrom and Westenberg, 1965] calculates the radiation
correction when conduction is the dominate form of heat transfer to a thermocouple
bead.
Tg − Tc = ǫσd(Tc
4 − Tw4)
2λ
where (using the wall and maximum temperatures for the cool flame in Figure 3.1c)
Tg is the temperature of the gas; Tc = 590 K, the temperature of the thermocouple;
Tw = 573 K, the temperature of the reactor wall; ǫ = 0.37, the radiative emissiv-
ity of the chromel-alumel thermocouple bead [Rohsenow et al., 1998]; σ = 5.67 x
10−8 W/(m2 T4), the Stefan-Boltzmann constant; d = 7.1 x 10−4 m, the diameter
of the thermocouple bead; and λ = 0.052 W/(m K), the thermal conductivity of an
equimolar n-C4H10 +O2 premixture. Under these conditions, the difference between
the measured thermocouple temperature and the actual gas temperature is Tg−Tc =
1.92 K. Due to the small temperature difference, radiation was ignored in this study,
which allowed for shorter computational times. Note that the radiation correction
becomes increasingly important at elevated temperatures. For an ignition where the
measured temperature (Tc) is in excess of 1000 K, the gas temperature can be more
than 100 K higher than the measured temperature.
3.2 Reduced-Gravity Environment
In laboratory-scale reactors at 1g, estimated values of the Ra range from 8× 104
to 1 × 105 for an assumed equimolar n-C4H10 + O2 premixture in a 10.2 cm i.d.
diameter spherical reactor assuming a representative temperature rise of 100 K, which
is characteristic of cool flames. These values are based on mixture-averaged property
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values computed for an equimolar n-C4H10+O2 premixture in the temperature range
from 570 to 630 K and sub-atmospheric pressures from 60 to 70 kPa. Thus, the values
of the Ra aboard NASA’s KC-135A, which can achieve g ≈ 10−2gearth, are expected
to be two orders of magnitude lower. Therefore, the Ra at reduced-gravity will be
in the range of 800 to 1000—within the experimental error bar on the reported value
of Racr (600±400) [Tyler, 1966; Fine et al., 1970]. If, however, the temperature rise
significantly exceeds 100 K, as in ignition studies, natural convection may not be
entirely suppressed at 10−2g, and lower gravity-levels such as those available on the
space station or aboard sounding rockets are needed. Perhaps, high levels of inert
dilution to lower the temperature raise can help further reduce the Ra.
3.3 Experimental Results
3.3.1 Temperature and Pressure Histories
Modes of slow reactions, single cool flames, two-stage ignitions, and single-stage
ignitions were observed at reduced-gravity. Representative pressure and temperature
histories are shown in Figure 3.1 for each mode along with their corresponding radial
temperature distribution taken from the same data plotted as a function of time. The
thermocouples were spaced 1.3 cm apart where TC1 is positioned at the center and
TC2 through TC5 are 1.3 cm apart (see Figure 2.2). Note also that TC5 is not on
the wall but in the expanded section at the entrance to the reactor. As a result, the
temperature at TC5 is greater than the wall temperature. In addition, the initial
time in the plots is arbitrary and simply corresponds to the time from the start of
the data acquisition system to the injection of the reactants.
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(a) Slow reaction: Ti(t), P (t), gz(t)/gearth (b) Slow reaction: T (r, t) for different t
(c) Cool flame: Ti(t), P (t), gz(t)/gearth (d) Cool flame: T (r, t) for different t
Figure 3.1: Left side: The pressure and radial temperature histories and the vertical
component of acceleration normalized by Earth’s gravitational acceleration for rep-
resentative modes that include (a) a slow reaction (Tw = 573 K; Pinitial = 15.9 kPa)
and (c) a cool flame (Tw = 573 K; Pinitial = 22.7 kPa). Right side: The corresponding
radial temperature distribution plotted at different times for (b) the slow reaction
(dashed lines indicate time after reduced-gravity has ended) and (d) the cool flame
shown in (c). All thermocouple measurements have an accuracy of ±2.2◦C [Omega
Engineering, Inc., 2006]. See text for thermocouple position.
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(e) Two-stage ignition: Ti(t), P (t), gz(t)/gearth (f) Two-stage ignition: T (r, t) for different t
(g) Single-stage ignition: Ti(t), P (t), gz(t)/gearth (h) Single-stage ignition: T (r, t) for different t
Figure 3.1 (continued): Left side: The pressure and radial temperature histories and
the vertical component of acceleration normalized by Earth’s gravitational acceler-
ation for representative modes that include (e) a two-stage ignition (Tw = 573 K;
Pinitial = 31.7 kPa) and (g) a single-stage ignition (Tw = 573 K; Pinitial = 40.3 kPa).
Right side: The corresponding radial temperature distribution plotted at different
times for (f) the two-stage ignition and (h) the single-stage ignition. All thermocou-
ple measurements have an accuracy of ±2.2◦C [Omega Engineering, Inc., 2006]. See
text for thermocouple position.
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Slow Reaction
Figure 3.1a shows the pressure, temperature, and z-acceleration histories for a
representative slow reaction. The initial pressure and wall temperature were 15.9 kPa
and 667 K, and the pressure and temperature increase after 20 s was 0.3 kPa and 2
± 2.2 K. Note that the measured temperature increase was within the experimental
accuracy of the thermocouple. No visible light emission was detected with either
intensified camera set at maximum gain during the test. However, at the end of the
reduced-gravity test time (i.e., the free-fall portion of the parabolic flight), the plane
pulled out of free-fall, significantly increasing the gravitation acceleration; during
this transient period a cool flame developed in the upper half of the reactor. As
determined from visual records, this cool flame occurred at t = 38 s accompanied by
a 2.1 kPa pressure increase and a steep change in the temperature gradient. Tests
at lower pressures throughout the experimental temperature range displayed similar
behavior during the available test time, showing little or no evidence of reaction,
yet they exhibited no evidence of a cool flame or ignition after the reduced-gravity
test period. The temperature profile of the cool flame in Figure 3.1b (dashed lines)
achieves a maximum at the center, decays to a plateau, and then cools to the wall
temperature. Presumably due to the onset of natural convection during the ascent
of the aircraft, the radial temperature distribution is not parabolic. Note that the
buoyant rise speed of the gas is expected to scale as
√
g such that the rise speed at
10−2g is 1/10th of that at 1g.
Cool Flames
Single cool flames were observed for initial pressures in the range of 10 to 35 kPa
and wall temperatures less than 623 K (see ignition diagram below, Figure 3.5a). A
representative case at Tw = 583 K and Pinitial = 22.1 kPa is shown in Figure 3.1c,d
72
Figure 3.2: A cool flame at Tw = 583 K, Pinitial = 22.1 kPa, and reduced-gravity in
a 5.1 cm radius reactor after an induction time of 5 s. Time between consecutive
frames is 1/30 s.
for which the pressure increased approximately 8 kPa and visible light emission was
observed with a coincident increase in the temperature and pressure. Figure 3.2
shows the light emission recorded with the side camera for a cool flame at a slightly
higher temperature. As in previous studies, the cool flame started at the center
and propagated radially outward, unaccompanied by any apparent natural convec-
tion. Examination of the radial temperature history (Figure 3.1d), however, shows
that the temperature profile does not monotonically decrease as expected from a
pure conduction model. Rather, the temperature increased rapidly at the center,
reached a plateau in the central region and decayed to the wall temperature during
and shortly after the observed light emission. As before, this suggests the existence of
weak convection. From Foster [2006], Figure 3.3 shows the temperature distribution
at different g-levels and demonstrates the importance of convection on the numeri-
cally calculated temperature profiles (from the original Gray-Yang model, augmented
with diffusion [Fairlie et al., 2000] and convection [Foster, 2006]). In the strictly dif-
fusive case (0g), the temperature profiles are parabolic with the highest temperature
occurring at the center of the reactor. At increasing g-levels (0.16g, 0.38g, and 1g),
the profiles monotonically decrease at earlier times yet become increasingly uniform
throughout the reactor with the exception of the steep temperature gradient at the
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(a) 0g (b) 0.16g
(c) 0.38g (d) 1g
Figure 3.3: Numerical temperature profiles across the horizontal radius of the reactor
at selected times for Tinitial = 620 K and Pinitial = 40 kPa [Foster, 2006, Figs. 4.3,
4.6, and 4.9]. The profile labels have units of seconds, and the dotted lines indicate
profiles that are retracting.
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wall. For the Lunar case (0.16g), a peak in the temperature distribution develops at
17.2 s, which subsequently decays. The Martian case (0.38g) shows effects of convec-
tion starting at the same time as the Lunar case (17.2 s), however the profile remains
relatively flat for the 20 s computational time. The Earth case (1g) shows that the
temperature profile rapidly develops a peak near the wall (16.6 s), and it continues to
exist throughout the reaction; note also that the temperature initially increases more
rapidly near the wall than at the center of the reactor.
The calculated temperature profiles of 0.16g, 0.38g, and 1g are qualitatively sim-
ilar to the temperature profiles during the two-stage and single-stage ignitions (Fig-
ures 3.1f,h), yet the plateau that occurs in the cool flame profiles (Figures 3.1b,d) are
not seen in the numerical simulations. The reason the numerical predictions do not
capture the thermal plateau is discussed in Section 3.5.
From Figure 3.1c, the peak measured temperature rise is approximately 20 K.
This value underestimates the actual value due to the limited time response of the
thermocouple. Calculations of the time response for a type-K, spherical thermocouple
with a bead diameter of 0.71 ± 0.03 mm are shown in Appendix B based on the
solution of the time-dependent energy equation with conductive boundary conditions.
The resulting response time is approximately 2.8 s. Based on the temperature versus
time curve, the condition for the actual temperature rise to remain below 100 K can
be written as:
θ ≡ T − TTC,initial
Tgas − TTC,initial = 20 K/100 K = 0.2
where TTC,initial is the initial temperature of the thermocouple, Tgas is the actual
temperature of the gas, and T is the measured temperature. Therefore, θ is the
measured temperature difference relative to the actual temperature difference (see
Appendix B). An estimate of the residence time of a cool flame at the thermocouple
location can be made based on approximate cool flame thermal thickness, given by
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α/Vf , where α is the thermal diffusivity of an equimolar n-C4H10 + O2 mixture at
573 K and 22.7 kPa and Vf is the cool flame speed. Cool flame speeds ranged
from 2 cm/s to 10 cm/s (see Chapter 4) and the thermal diffusivity is 1.1 cm2/s.
Thus, the thermal thickness of the front ranges from 0.11 cm to 0.55 cm and the
corresponding residence time ranges from 0.011 s to 0.28 s. Nondimensionalizing the
average residence time (t = 0.15 s) by the strictly diffusive response time (t = 2.8 s) for
the thermocouple used, the computed value for θ = 0.054. The actual temperature rise
is estimated to be (= 20 K/0.054) 370 K, in which case Ra ≈ 634, which is within the
error bars of Racr indicated in Section 1.2. Even though these estimates are based on
a scaling analysis, thermocouples with faster response times are undoubtedly needed
for quantitative temperature measurement; it is recommended that future studies be
performed with 0.001 in diameter, or smaller, thermocouples.
Two-stage Ignition
At higher reactor pressures and temperatures, two-stage ignition was observed.
Figure 3.1e shows the pressure and temperature histories for a representative two-
stage ignition at Tw = 573 K, Pinitial = 31.7 kPa. Figure 3.4 shows a typical record of
the visible light emission. The experimental temperature profiles shown in Figure 3.1f
are qualitatively similar to the numerically predicted profiles in Figure 3.3 at higher
g-levels further suggesting that weak convection may play a role in experimental data
with ∆T > 100 K.
For the experimental cases with ignition where strong convection clearly plays a
role, the visible light emission initiated near the top of the reactor—away from the
center. For the reduced-gravity case shown, however, the cool flame and subsequent
ignition both started at the center of the reactor and propagated radially outward, yet
the temperature distribution has similarities with that associated with weak convec-
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Figure 3.4: A two-stage ignition at Tw = 583 K and Pinitial = 31.7 kPa at reduced-
gravity. Time between consecutive frames is 1/30 s.
tion. Specifically, the temperature initially decayed monotonically in the early stages
of the cool flame development, at the same time a high temperature region developed
near the reactor wall (r ≈ 4 cm). The temperature continued to increase throughout
the reactor until 46.3 s (after the ignition event) for the case shown in Figure 3.1e,
and then it cooled. Understandably, the thermocouple cannot respond fast enough to
capture the ignition event. For t > 46.3 s, the gas cooled and the peak temperature
near the wall decreased more rapidly than at the center due to enhanced conduction
heat loss to the wall. The video does not show any evidence of a convective flow as
manifest by a lack of radial symmetry due to the ignition front propagating to the
wall in approximately 4/15 s. The buoyant effects are initialized by the temperature
rise from the reaction, but the flame front light emission passes through the reactor
before visible records can detect a change in the flow field.
Single-stage Ignition
At higher temperatures and pressures, single-stage ignition was observed and Fig-
ure 3.1g, h shows a representative case. A high temperature region developed near the
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(a) 10−2g (b) 1g
Figure 3.5: Ignition diagrams at (a) reduced-gravity and at (b) 1g for an equimolar
premixture of n-C4H10 + O2 in a reactor of R = 5.1 cm. Legend: SR, slow reaction;
CF, cool flame; MCF, multiple cool flames; 2SI, two-stage ignition; and SSI, single-
stage ignition. Stability boundaries are arbitrarily drawn halfway between MCF and
CF (1g only) and between CF and SR or any ignition (both).
reactor wall prior to ignition. Unfortunately, the video camera, operating at 30 fps,
was unable to adequately resolve the ignition event that was clearly visible to the
operator. Though based on a limited number of frames, the visible record did not
show any evidence of convection as manifest in a radially distorted flame.
3.3.2 Ignition Diagrams
Ignition diagrams that summarize the modes of reaction observed at reduced-
gravity (10−2g) and terrestrial gravity (1g) are shown in Figures 3.5a and 3.5b, re-
spectively, for initial pressures in the range of 6–52 kPa and wall temperatures in the
range of 573–673 K.
The range of conditions for which cool flames occur at 1g is 573–648 K and 10–
30 kPa, a broader temperature range than at 10−2g where the range only extends
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Table 3.1: Comparison between terrestrial and reduced-gravity cases
Points labeled in Reaction Mode Observed
Ignition Diagrams Reduced-Gravity (10−2g) Terrestrial Gravity (1g)
1 Slow reaction Multiple cool flames
2 Single cool flame Two-stage ignition
3 Two-stage ignition Single cool flame
4 Slow reaction Single cool flame
to 623 K. The absence of convective heat loss, thus a lower rate of energy loss, is
believed to be responsible for the shift. In addition, cool flames at 1g and 648 K
transition to two-stage ignitions at 10−2g. The reduced-gravity cases are less reactive
than their terrestrial counterparts for some conditions, yet more reactive for others.
For most of the conditions considered, single or multiple cool flames were observed
at 1g and single cool flames were observed during the available test time at reduced-
gravity. Near stability boundaries, clear differences were observed. Four points are
highlighted for comparison and their respective modes of reaction are summarized in
Table 3.1.
For the conditions associated with points 1, 2, and 4, the reduced-gravity tests
were less reactive at than their 1g counterparts, yet at point 3, the test was more
reactive at reduced-gravity than at 1g. Note also that the cool flame region at reduced-
gravity shifts toward lower temperatures due to the absence of convective cooling such
that the conditions at point 3 are more reactive at reduced-gravity than at terrestrial
conditions. At the other points highlighted in the table, the results at terrestrial
conditions are more reactive, which suggests that buoyant stirring may enhance the
reactivity, yet at the same time, the long-term behavior and stability of slow reactions
and cool flames cannot be assessed due to the limited available reduced-gravity test
time aboard the aircraft.
A comparison of the 1g ignition diagram (Figure 3.5b) with the published ignition
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diagram by Bardwell [1955] is shown in Figure 3.6. The data agree very well. Bardwell
[1955] used a vertically-oriented 254 cm3 cylindrical silica reactor, whereas the present
study used a 555 cm3 spherical quartz reactor. Both diagrams report cool flames
within the same temperature and pressure ranges, 260–380◦C (533–653 K) and 50–
300 mm Hg (6.7–40 kPa), respectively, and show multiple cool flames developing
along the lower temperature boundary.
Though this study neglected surface effects since the reactors are aged and made
from fused-silica, surface effects may, in general, become more important as the grav-
ity level (i.e., convection) increases. Without natural convection, molecular diffusion
is the only mode of transport by which species can transport to the reactor wall.
As natural convection plays a larger role, the surface contact time increases. Since
diffusion times are slower than convection times, surface effects are expected to play
a weaker role at reduced-gravity.
3.4 Numerical Analysis
For qualitative comparison, the Wang and Mou [1985] model, a 5-step thermoki-
netic scheme based on the original Gray-Yang model [Yang and Gray, 1969a] with
the addition of fuel consumption and a high-temperature branching step, is used.
Prior work has shown that the model compared qualitatively well with equimolar,
CSTR acetaldehyde oxidation, both empirically [Gray et al., 1981] and via a detailed
kinetic model [Halstead et al., 1971, 1973]. In addition, the ignition diagram of Fig-
ure 3.7, which is superimposed on the empirical reduced-gravity results presented in
Figure 3.5, highlights the successful prediction of modes of slow reaction, I; oscillatory
two-stage ignitions, II; complex oscillations (oscillatory ignitions separated by regions
of cool flames), III; oscillatory cool flames, IV; and high-temperature ignition, V. Note
that the rate parameters were tuned for acetaldehyde oxidation. As mentioned, the
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Figure 3.6: Equimolar n-C4H10 + O2 ignition diagrams at 1g from (top) Bardwell
[1955] for a vertically-oriented 254 cm3 cylindrical silica reactor and from (bottom)
this study (Figure 3.5b) in a spherical reactor of R = 5.1 cm. (Figure copyright—
Appendix M)
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Figure 3.7: Numerical ignition diagram from Wang and Mou [1985] superimposed
on the empirical ignition diagram for an equimolar premixture of n-C4H10 + O2 at
reduced-gravity in a spherical reactor with R = 5.1 cm. Labeled regions indicate
modes of slow reaction, I; oscillatory two-stage ignitions, II; complex oscillations
(oscillatory ignitions separated by regions of cool flames), III; oscillatory cool flames,
IV; and high-temperature ignition, V.
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model has been shown to successfully predict several modes of reaction, which are
qualitatively similar to those observed in C3 and higher molecular weight alkanes,
including n-butane which was considered in the previous section. Overall, equimolar
n-C4H10 + O2 premixed cool flames at reduced-gravity and in a static reactor were
observed at much lower pressures (10–30 kPa) than the model.
3.4.1 The Wang-Mou Global Model Augmented with Diffusion of Heat
and Mass
The Wang-Mou global model (Table 3.2) includes initiation (I), high-temperature
branching (II), low-temperature branching (III), high-temperature termination (IV),
and low-temperature termination (V) steps [Wang and Mou, 1985; Liang et al., 2003].
The scheme has two variables, y and x; species y represents the fuel and oxygen, and
species x represents an autocatalytic chain carrier. S1 and S2 represent terminal
product species.
Table 3.2: Wang-Mou thermokinetic scheme [Wang and Mou, 1985]
(I) y → x Initiating
(II) x+ y → 2x High-temperature branching
(III) x→ 2x Low-temperature branching
(IV) x→ S1 High-temperature termination
(V) x→ S2 Low-temperature termination
The reaction rates, k¯i, along with the respective pre-exponential factors, A¯i; acti-
vation energies, E¯i; associated heat release, h¯i; initial molecular density, N¯0; universal
gas constant, R¯u; and reactor diameter, d¯, for each step are taken from Wang and
Mou [1985] and summarized in Table 3.3. (Dimensional quantities are indicated with
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Table 3.3: Summary of the Wang-Mou Global Model [Wang and Mou, 1985]
Activation
Reaction Rate, k¯i Pre-exponential Energy, Heat Release,
Factor, A¯i
† E¯i [J/mol] h¯i [J/mol]
k¯1 [s
−1] = A¯1N¯0exp
(−E¯1/R¯uT¯) 1.6× 104 100416 0
k¯2 [m
3/(mol s)] = A¯2exp
(−E¯2/R¯uT¯) 3.7× 106 104600 384928
k¯3 [s
−1] = A¯3N¯0exp
(−E¯3/R¯uT¯) 1.38× 102 29288 16736
k¯4 [s
−1] = A¯4N¯0exp
(−E¯4/R¯uT¯) 7.8× 104 66944 83680
k¯5 [s
−1] = A¯5N¯
1/2
0 /d¯ 3.3× 10−2 0 0
†
A¯1−4 [m3/(mol s)], A¯5 [m5/2/(mol1/2 s)]
a bar.) As in previous studies, E¯2 > E¯1 > E¯4 > E¯3 > E¯5.
The y and x species conservation equations including diffusive fluxes of species
can be written as:
∂y¯
∂t¯
= D¯Y ▽¯
2y¯ − k¯1y¯ − k¯2x¯y¯
∂x¯
∂t¯
= D¯X▽¯
2x¯+ k¯1y¯ + k¯2x¯y¯ +
(
k¯3 − k¯4 − k¯5
)
x¯
where y¯ and x¯ are the concentrations of species y and x (mol/m3), D¯Y and D¯X are
the mass diffusivities (m2/s) of species y and x into the mixture, and t¯ is the time (s).
Assuming constant thermophysical properties, the energy equation can then be
expressed as:
ρ¯c¯p
∂T¯
∂t¯
= k¯T ▽¯
2T¯ + k¯1h¯1y¯ +
(
k¯2h¯2y¯ + k¯3h¯3 + k¯4h¯4 + k¯5h¯5
)
x¯
where ρ¯ is the density (kg/m3), c¯p is the specific heat (J/kg·K), T¯ is the dimensional
temperature (K), and k¯T is the thermal conductivity of the mixture (J/m·K·s).
The equations are non-dimensionalized using the following non-dimensional groups:
Y =
y¯
y¯0
, X =
x¯
y¯0
, U =
(
T¯ − T¯0
)
T¯0
, ℓ = length =
ℓ¯
d¯
, ▽2 = d¯2▽¯2,
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t =
t¯
t¯diffusion
=
t¯
d¯2/D¯Y
, kj(j 6=2) =
k¯j
D¯Y /d¯2
, k2 =
k¯2y¯0
D¯Y /d¯2
, hj =
h¯j y¯0
T¯0c¯p
,
and Le =
k¯T/(ρ¯c¯p)
D¯Y
=
α¯
D¯Y
where y¯0 is the initial concentration of y¯, T¯0 is the initial mixture temperature (as-
sumed equal to the constant reactor wall temperature), d¯ is the characteristic size of
the reactor, ℓ¯ represents distance (linear distance in the 1-D spherically-symmetric
model and radial location in the 2-D axisymmetric model), and t¯diffusion is a diffusion
time based on the mass diffusivity of species y. Unlike flow reactor analyses that
use the flow residence time to non-dimensionalize time, the diffusion time is used to
non-dimensionalize the reaction rates.
The non-dimensional species and energy equations then become:
∂Y
∂t
= ▽2Y − k1Y − k2XY
∂X
∂t
=
(
D¯X
D¯Y
)
▽2X + k1Y + k2XY + (k3 − k4 − k5)X
∂U
∂t
= Le▽2U + k1h1Y + (k2h2Y + k3h3 + k4h4 + k5h5)X
The two non-dimensional parameters in the species and energy equations are: (1)
(DY /DX)
−1, the ratio of the mass diffusivities of species y and x, and (2) Le, defined
as the thermal diffusivity of the mixture relative to the mass diffusivity of species y.
3.4.2 One-Dimensional Spherically-Symmetric Wang-MouModel Results
The coupled species and energy equations are solved in a one-dimensional domain
of size d¯ such that 0 ≤ ℓ ≤ 1. The domain was uniformly meshed with 808 elements.
No flux boundary conditions were applied to the temperature and species concentra-
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tions at ℓ = 0, i.e., ▽U = 0; ▽X = ▽Y = 0. At ℓ = 1, no species fluxes, i.e., a
chemically inert boundary (▽X = ▽Y = 0), and a fixed gas temperature equal to the
initial temperature (U = 0) were assumed. The mixture composition was assumed
to be y¯0 initially, and the initial temperature everywhere in the domain was taken
to be T¯0, so that the nondimensional initial conditions become Y = 1, X = 0, and
U = 0. The parent fuel-air mixture was further assumed to be equimolar such that
y¯0 = N¯o/2 = P¯0/2R¯uT¯0. The characteristic size of the reactor (d¯) was taken to be
3 cm and D¯Y was assumed constant and estimated to be 8× 10−5 m2/s, which is the
binary diffusion coefficient for n-C4H10 into an equimolar n-C4H10 + O2 premixture
at 600 K and 50.7 kPa.
The coupled partial differential equations were then integrated using a PDE solver,
UMFPACK [Davis, 2004] packaged with the commercially available COMSOL Multi-
physics TM software. The time-step was variable. The relative and absolute tolerances
on the non-dimensional temperature and species concentrations were 10−6, and the
maximum backwards differentiation order was five.
The Effect of the Lewis Number on the Ignition Diagram
For a fixed ratio of mass diffusivities, the Le was varied from 0.1 to 3. Pressures
ranging from 25 kPa to 95 kPa and wall temperatures in the range of 540 K to
660 K were considered. From the computed temperature and species profiles, ignition
diagrams were developed and are shown in Figure 3.8 for Le equal to (a) 0.1, (b) 0.5,
(c) 1.0, and (d) 3.0.
For Le equal to 0.1, 0.5, and 1.0, the model predicts slow reactions and single-stage
ignitions with a general shift in the slow reaction-ignition stability boundary towards
higher temperatures and pressures with increasing Le. For Le = 3.0, damped oscilla-
tory cool flames characterized by a weak temperature rise on the order of ∆U ≈ 0.2
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(a) Le = 0.1 (b) Le = 0.5
(c) Le = 1.0 (d) Le = 3.0
Figure 3.8: Predicted ignition diagrams for different Le’s at D¯Y /D¯X = 0.2. Dashed
lines highlight the stability boundaries. Modes reaction: slow reaction (sr), cool
flames (cf), two-stage ignition (2si), and single-stage ignition (ssi).
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(a) He-diluted n-C4H10 +O2 (Le ≈ 2.5) (b) Ar-diluted n-C4H10 +O2 (Le ≈ 1.1)
Figure 3.9: Pressure histories of (a) 25% n-C4H10+ 25% O2+ 50% He and (b) 25% n-
C4H10+ 25% O2+ 50% Ar at reduced-gravity and 578 K.
were predicted for pressures ranging from 67 kPa to 80 kPa and temperatures ranging
from 610 K to 650 K. In addition, two-stage ignitions were predicted at 80 kPa for
T¯0 = 590 K, 610 K, and 630 K—conditions for which the model predicts single-stage
ignitions at lower Le. Clearly, the model predicts that increasing Le promotes cool
flames and two-stage ignitions.
Experimental evidence of this effect is shown in Figure 3.9. Pressure histories from
reduced-gravity experiments conducted using (a) 25% n-C4H10+ 25% O2+ 50% He
(Le ≈ 2.5) and (b) 25% n-C4H10+ 25% O2+ 50% Ar (Le ≈ 1.1) at 578 K indicate
that at higher Le, multiple cool flames develop. In contrast, only one cool flame is
observed at lower pressures in Ar-diluted mixtures followed by damped oscillations.
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Temperature and Species Profiles
Cool Flames For representative cool flame conditions (P¯ = 67 kPa, T¯w = 630 K),
U(ℓ = 0, t) is plotted in Figure 3.10a followed by the distributions of temperature,
U(ℓ, t), and species concentration, X(ℓ, t) and Y (ℓ, t), shown in Figures 3.10b–d for
t ≤ 1. U(ℓ = 0, t) initially increases, reaches a peak value of 0.12, and then de-
creases as the reaction self-arrests and cools. The spatial temperature profile devel-
ops parabolically, increases until t = 0.8, and then cools. The distribution of fuel
also decreases nearly uniformly for t < 0.5 and then decreases at an accelerated rate
in the higher temperature region (central region). Coincident with the consumption
of Y , the X concentration increases uniformly for t ≤ 0.5 and is then subsequently
consumed, most rapidly in the high temperature region.
Two-stage Ignition At the same temperature and slightly higher pressure (P¯ =
80 kPa, T¯w = 630 K), transition to ignition occurs as shown in Figure 3.11.
Specifically, U(ℓ = 0, t) and U(ℓ, t) are plotted in Figures 3.11a and 3.11b, respec-
tively, and show a modest temperature rise and transition to ignition. The Y (ℓ, t)
distribution is then shown in Figure 3.11c. As observed at lower initial pressure, Y
initially decreases nearly uniformly for modest temperature increases, then is con-
sumed completely during ignition at t ≈ 0.785. Similarly, Figure 3.11d shows X(ℓ, t),
which initially increases uniformly owing to low-temperature branching, decreases in
the high temperature region, then increases again in the high temperature region
owing to high-temperature branching prior to complete consumption during ignition.
To further clarify the oscillatory X concentration, Figure 3.11e shows both X and U
at ℓ = 0 as a function of time.
Note that in all cases reported above, the ratio of the diffusivity of the parent fuel
to that associated with the autocatalytic species (D¯Y /D¯X) was 0.2. To determine the
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(a) (b)
(c) (d)
Figure 3.10: The temperature and species concentration distributions for a represen-
tative cool flame reaction (P¯ = 67 kPa, T¯w = 630 K, D¯Y /D¯X = 0.2, Le = 3). Figure
(a) the represents temperature distribution at ℓ = 0, U(ℓ = 0, t), as a function of
nondimensional time and (b)–(d) represent the U(ℓ, t), Y (ℓ, t), and X(ℓ, t) profiles at
different nondimensional times (shown in the legend).
90
(a) (b)
(c) (d)
Figure 3.11: The nondimensional temperature and species concentration distributions
for a representative two-stage ignition (P¯ = 80 kPa, T¯w = 630 K, D¯Y /D¯X = 0.2,
Le = 3). Figure (a) shows the temperature distribution at ℓ = 0 as a function of
time, U(ℓ = 0, t), and (b)–(d) represent the U(ℓ, t), Y (ℓ, t), and X(ℓ, t) profiles at
different times.
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(e)
Figure 3.11 (continued): (e) U(ℓ = 0, t) (dashed line) and X(ℓ = 0, t) (solid line) as
a function of time at ℓ = 0.
sensitivity of the results to D¯Y /D¯X , numerical exercises were conducted by varying
the ratio between 0.2 and 1.0 for unity Le. For these cases, the induction time and the
magnitudes of the temperature and the species concentrations varied, yet the ignition
diagrams were found to be insensitive to D¯Y /D¯X and were the same as that shown
in Figure 3.8c.
The Wang-Mou 1-D model suggests that increasing Le promotes damped oscilla-
tory cool flames, which is consistent with the Le dependence reported in the numerical
studies performed with the Gray-Yang model [Fairlie et al., 2000]. Additionally, the
Wang-Mou model captures the onset of the two-stage ignition owed to the high tem-
perature branching step, and it also suggests that two-stage ignition is also promoted
by increasing Le.
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3.4.3 Two-Dimensional Axisymmetric Model
Assuming axisymmetry, the model was resolved on a 2-D quarter-domain (see
Figure 3.12) assuming no flux boundary conditions for the species concentrations and
a fixed temperature (U = 0) at the outer wall. Along the symmetry axes, no heat
or species fluxes were assumed. For moderate temperature and species concentration
changes, the domain was meshed with 11,167 triangular elements of which 313 were
boundary elements. For reactions that transitioned to ignition, the mesh was further
refined to total of 52,963 triangular elements of which 447 were boundary elements.
As before, the radial distance was non-dimensionalized by the radius of the vessel,
such that the non-dimensional radius ranged from 0 to 1.0.
Cool Flame The computed temperature and species concentration distributions
are shown in Figures 3.13a–d for a representative damped oscillatory cool flame for
P¯ = 73 kPa, T¯w = 610 K, D¯Y /D¯X = 0.2, and Le = 1. Figure 3.13a is a plot of the
center temperature, U(ℓ = 0, t), which initially increases to a maximum temperature
of 0.34, then cools followed by a damped oscillation. As observed in purely conduc-
tive models [Semenov, 1935; Frank-Kamenetskii, 1955] and in the 1-D case considered
above, the spatial temperature profile (Figure 3.13b) develops nearly parabolically,
increases until t = 1.05, and then maintains its overall parabolic profile as it conduc-
tively cools. Figure 3.13c shows the corresponding fuel concentration profile. Initially,
Y decreases rapidly in the high temperature region, then Y increases in the high tem-
perature region, rather than decreases for 1.1 ≤ t ≤ 1.4. Diffusion from regions of
higher concentration and lower temperature at larger radii (0.3 < ℓ ≤ 1) resupply
the center. At later times (t > 1.4), the Y distribution becomes nearly uniform. The
corresponding concentration of X is shown in Figure 3.13d. Interestingly, higher con-
centrations are initially formed in cooler regions. Also, the X concentration oscillates
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Figure 3.12: Meshed domain for 2-D axisymmetric Wang-Mou modeling (number of
elements accurate for Figure 3.13).
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(a) (b)
(c) (d)
Figure 3.13: The temperature and species concentration distributions for a represen-
tative cool flame predicted using the spherical model (P¯ = 73 kPa, T¯w = 610 K,
D¯Y /D¯X = 0.2, Le = 1). Figure 3.13a represents the temperature distribution at the
center as a function of time, U(ℓ = 0, t), and (b)–(d) represent the U(ℓ, t), Y (ℓ, t),
and X(ℓ, t) profiles at different times for t ≤ 1.7.
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out of phase with the temperature.
Two-stage Ignition The temperature distribution associated with a representative
two-stage ignition is shown in Figures 3.14a and 3.14b, highlighting the pre-ignition
(t ≤ 0.831) and post-ignition periods (t ≥ 0.832). Prior to ignition, the temperature
develops nearly parabolically with a maximum at the center. At t = 0.832, the high-
temperature ignition front develops. The sharp temperature gradient then propagates
radially outward. The corresponding concentration distributions are also shown in
Figures 3.14c and 3.14d. Initially, the fuel is slowly consumed to a greater extent in the
high temperature central region, then is completely consumed during ignition. With
respect to the X concentration, it initially increases uniformly throughout the reactor
(t ≤ 0.6) due to low-temperature branching, and then develops non-uniformly as X is
consumed near the center and is produced in the outer region (e.g., X concentration
at t = 0.8) prior to ignition. At t = 0.831, the trend changes as the X concentration
increases near the center of the wall, while it is consumed at intermediate locations
forming a “saddle-shaped” distribution as the mechanism transitions from low to high-
temperature branching. At ignition (t = 0.832), a well-defined front develops and
propagates radially outward, completing consuming the reactants and terminating
the production of X.
The corresponding ignition diagram based on the results from the 2-D model for
unity Le is shown in Figure 3.15. Cool flames and two-stage ignitions are predicted
in the temperature range of 600 K to 650 K and pressure range of 63 kPa to 82 kPa,
which were predicted by the 1-D model only at higher Le. Note also that the stability
boundary shifts to higher temperatures and pressures in the spherical model as com-
pared to the 1-D model. This shift is expected as more degrees of freedom provide
additional paths of heat loss.
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(a) (b)
(c) (d)
Figure 3.14: The temperature and species concentration distributions for a repre-
sentative two-stage ignition (P¯0 = 83 kPa, T¯0 = 600 K, D¯Y /D¯X = 0.2, Le = 1) at
different times. Figures (a) and (b) show U(ℓ, t) before and after ignition. Figures
(c) and (d) are the Y (ℓ, t) and X(ℓ, t) distributions, respectively.
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Figure 3.15: Predicted ignition diagram for Le = 1.0 and D¯Y /D¯X = 0.2 using the
spherical, axisymmetric model. The stability boundary determined from the 1-D
model is indicated by the bold, dashed line as shown in Figure 3.8c.
3.5 Discussion of the Role of Diffusive Transport Effects
Cool flames have been observed at reduced-gravity and are qualitatively similar
to those observed in earlier studies [Foster and Pearlman, 2006a, 2007]. In the early
stages, as shown in Figure 3.1, the temperature profile is nearly parabolic. However,
as the test continues, the temperature distribution during (and shortly after) the vis-
ible cool flame was not parabolic as shown in Figure 3.1b, d; rather, the maximum
temperature occurred at the center, then decreased with increasing radius, reached a
plateau, and then further decreased to the wall temperature. At later times, the re-
action continued (not detected visibly) and the temperature plateau gradually faded.
In each of the cases detailed in Section 3.3.1 (as well as other tests not reported),
the effects of weak convection, as indicated by the plateau in the temperature profile
near the wall, only occurred after the cool flame or ignition front first appeared and
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Figure 3.16: Cool flame pressure histories; letters refer to the corresponding images
in (c) and (d): A, left; B, center; and C, right [Foster, 2006]. Images enhanced for
clarity.
began to propagate into the reactor.
The peak pressures for the cool flames in Figures 3.1a, c are both at 39.3 s. As
Figure 3.16 indicates, the cool flame light emission passes through the reactor prior
to the pressure peak. Thus, the temperature profile plateaus in Figures 3.1b, d occur
(t > 39.3 s) when the light emission has passed; therefore, the light emission cannot
show the effects of convection.
In terms of the Ra at reduced-gravity, the associated Ra exceeds Racr for onset
of convection when the temperature rise exceeds 100 K. Perhaps this explains the
non-monotonic temperature profile measured (Figures 3.1b, d). The intensity of the
buoyant flow is undoubtedly stronger for when ignition occurs. Yet for a cool flame,
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if a recirculating flow was established, wherein the less dense gas rose at the center
and recirculated downwardly along the wall, the eye of the vortex could have been
cooler and centered near TC2. Since, the temperature monitored by TC3 increased
more rapidly than TC2, a plateau in the temperature profile would be observed as in
Figures 3.1b, d.
Note also that a non-monotonic temperature distribution was observed for the two-
stage and single-stage ignitions (Figure 3.1f, h). Interestingly, however, the cool flame
and ignition kernel started at the center of the reactor, suggesting that a convective
flow was not established after the cool flame. However, the high temperature rise
associated with ignition is believed to have induced a buoyant recirculating flow that
can account for the measured temperature peak near the wall.
To further explore the possibility that weak convection was responsible for the
non-monotonic temperature profile, previous experiments at reduced-gravity used
helium and argon to heavily dilute the equimolar n-C4H10+O2 mixture. Figure 3.17
shows the pressure, temperature, and z-acceleration histories from the Ar and He
diluted tests discussed in Section 3.4.2. The effect of convection is not apparent in
the temperature profiles in Figures 3.17b,d as they do not plateau or have an inflection
point. The temperature histories indicates that the diluted cases have an initial ∆T
nearly half of the equimolar cool flame in Figure 3.1d, thus reducing the Ra.
From numerical simulations conducted using the Gray-Yang model reported by
Foster [2006] and reproduced in Figure 3.18, evidence of a weak convective flow occurs
when the temperature rises 270 K at 10−2g. For these conditions, the z-Velocity profile
along the vertical axis of symmetry (Figure 3.18c) shows a maximum of 9 mm/s at
the center of the reactor. In addition, Figures 3.18c, d develop an asymmetry at
t ≥ 16 s, suggesting a slight shift of the reaction center toward the top of the reactor.
Other factors that can complicate the experimental measurements include heat
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(a) Ar diluted: Ti(t), P (t), gz(t)/gearth (b) Ar diluted: T (r, t) for different t
(c) He diluted: Ti(t), P (t), gz(t)/gearth (d) He diluted: T (r, t) for different t
Figure 3.17: Left side: The pressure history, the radial temperature history (Ti cor-
responds to the different thermocouples), and the vertical component of accelera-
tion normalized by Earth’s gravitational acceleration for representative cool flames
in (a) 25% n-C4H10+ 25% O2+ 50% Ar (Tw = 578 K; Pinitial = 24 kPa) and (c)
25% n-C4H10+ 25% O2+ 50% He (Tw = 578 K; Pinitial = 30 kPa). Right side: The
corresponding radial temperature distribution plotted at different times for (b) the
Ar-diluted reactants and (d) the He-diluted reactants. All thermocouple measure-
ments have an accuracy of ±2.2◦C [Omega Engineering, Inc., 2006].
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(a) Ti(t) (b) T (r, t) for different t
(c) z-Velocity(r, t) for different t (d) T (r, t) for different t
Figure 3.18: The Gray-Yang model from Foster [2006] for Tw = 630 K, P = 40 kPa,
and g = 10−2gearth solved for (a) the temperature history; (b) the radial temperature
profiles; (c) the vertical component of velocity along the vertical axis of symmetry;
and (d) temperature along the axis of symmetry. The time (in seconds) for each
profile is indicated, the dotted profiles denote the cooling phase of the reaction, and
the horizontal dashed lines in (c) and (d) indicate the center of the reactor.
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loss and catalytic activity with the ceramic thermocouple rake and/or exposed ther-
mocouple beads. To resolve these issues, lower gravity facilities and a reactor equipped
with a significantly finer wire silica-coated thermocouple are needed. Results of the
light emission with and without the thermocouple can be compared to test if heat
loss to the thermocouple makes a difference. Alternatively, dilution of the reactants
may be an effective way to lower the Ra.
3.6 Summary
The oxidation of an equimolar n-butane + oxygen premixture was studied in
a closed, static reactor at reduced-gravity. Modes of slow reaction, cool flames,
two-stage ignition, and single-stage ignition were observed at temperatures less than
674 K. The pressure histories, radial temperature distribution histories, and visible
light emission were reported during the course of the reaction.
A reactive-diffusive model was also developed based on the 5-step Wang-Mou
global kinetic scheme and used to compute the spatio-temporal temperature, fuel
concentration and autocatalytic chain carrier species concentrations for different Le’s
and species diffusivities in both a 1-D spherically-symmetric and 2-D axisymmetric
domain. From the numerical studies, diffusive effects that may only manifest them-
selves at reduced-gravity were observed, such as an increase in the fuel concentration
in the innermost region of the reactor during the course of a damped oscillatory cool
flame. While the model is recognizably global and the reaction rate parameters were
not tuned for n-butane or propane, the only mechanism in the model that can in-
crease the fuel concentration in the center of the reactor is molecular diffusion. For
cases where the chemical reaction time is long relative to the molecular diffusion
time, the concentration gradients will decay and regions of reactant depletion can be
resupplied.
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Highlights of this chapter are:
1. Experimentally-determined ignition diagrams for C3H8+O2 at reduced-gravity
and 1g show a difference in reactivity, indicating that the mechanisms by which
heat and species are transported affect the mode of reaction.
2. The Wang-Mou model showed that increasing Le promotes cool flame oscilla-
tions and two-stage ignition at reduced-gravity, while the ratio of DY /DX did
not affect the ignition diagrams for 0.2 ≤ DY /DX ≤ 1 for unity Le.
3. The ignition stability boundary shifted toward higher temperatures and pres-
sures in the 2-D axisymmetric model relative to the 1-D case. The spherical
model also predicted cool flames and two-stage ignitions at unity Le, which were
only captured by the 1-D model at higher Le. Experiments with equimolar n-
C4H10 + O2 (Le = 1.3) demonstrate that cool flames and multi-stage ignitions
occur in static reactors at reduced-gravity.
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4. COOL FLAME PROPAGATION SPEEDS
4.1 Introduction
The cool flame structure and its spatio-temporal evolution in a closed, static
reactor is considered for the case when transport is governed solely by diffusive fluxes
and natural convection can be disregarded. Such conditions exist in a reduced-gravity
environment in which the Rayleigh number is sufficiently small [Pearlman, 2000], i.e.,
less than Racritical ≈ 600. This chapter focuses on the propagation speed of cool flames
in a rich equimolar propane + oxygen premixture at 10−2g, and its dependence on
pressure and temperature. The peak light intensity of the pale-blue light emission,
which is due to excited formaldehyde [Sheinson and Williams, 1973] produced via
OH+CH3O → CH2O∗+H2O, is used to define the location of the cool flames. These
experimental results are the first benchmark data on diffusion-controlled cool flame
propagation speeds and can be used to further validate chemical kinetic mechanisms
at low and intermediate temperatures.
Propane was selected as the fuel since it is the simplest alkane that exhibits
the NTC behavior [Pease, 1929; Day and Pease, 1940] and there is a wealth of un-
stirred [Townend and Mandlekar, 1933; Townend and Chamberlain, 1936; Newitt and
Thornes, 1937; Wilk et al., 1986], CSTR [Gray and Felton, 1974; Lignola et al., 1980],
PFR [Koert et al., 1992, 1994], and closed-stirred [Griffiths et al., 1971; Gray et al.,
1974] data for comparison. Also, the first induction time for 593 K ≤ T ≤ 623 K and
55 kPa ≤ P ≤ 71 kPa is less than 20 s at reduced-gravity; therefore, cool flames will
occur in the available test time in Earth-based reduced-gravity test facilities.
With respect to previous work, heated flow tubes have been used to stabilize cool
flames and ignitions and monitor a temporal condition spatially. In these studies, the
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Figure 4.1: Photographs of stabilized modes of 4CH3CHO + O2 in a horizontal flow
tube reactor [Spence and Townend, 1949], Tw = 303 K: (a) cool flame at 40.0 kPa,
(b) cool and second-stage flames at 53.3 kPa, (c) coalesced cool and second-stage
flame at 80.0 kPa. (Figure copyright—Appendix M)
flame fronts were stabilized by tuning the gas flow rate; in effect, these results were
the first data on cool flame propagation speeds.
Some of the earliest images of cool flames taken by Spence and Townend [1949]
and reproduced by Lewis and von Elbe [1987] are shown in Figure 4.1. In their
review, Lewis and von Elbe [1987] gave a description of the driving mechanism for a
cool flame as it compares to that associated with a hot flame.
The driving force of the [hot flame] wave is the heat released in the
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reaction which creates a strong source of heat adjacent to the cold medium.
In contrast, the driving force in the cool flame wave is the production of
large concentrations of chains carriers by a chain-branching process, and
the reaction is arrested, at least temporarily, at an intermediate chemical
stage. Cool flame flammation is caused by a heat source of comparatively
low temperature which induces in the adjacent medium the branching
reactions by which the wave is propagated [Lewis and von Elbe, 1987, p.
146].
The data reported in this chapter are for cool flame propagation speeds determined
by reduced-gravity experiments using an equimolar mixture of C3H8 + O2 in the
absence of natural or forced convection. Data has been obtained for 593 K ≤ Tw ≤
623 K and 55 kPa ≤ Pinitial ≤ 71 kPa. The light emission was recorded with the
ICCD cameras discussed in Section 2.1, and the resulting images were processed with
the Igor ProTM software package. From the processed data, the radius of the spherical
flame was tabulated at each time interval. This data was then curve-fit, differentiated,
and used to determine the flame speed. Flame stretch effects, a measure of the
deformation of the flame front due to its motion and non-uniformities in the flow, are
also discussed in the context of cool flames. Flame stretch will be expressed in terms
of the curvature of the flame and the hydrodynamic strain, in an analogous way to
high-temperature, premixed laminar flames. Comparisons with numerical models are
then conducted and good qualitative agreement is found.
4.2 Intensified Imaging and Image Analysis
As discussed in Section 2.1, the cool flame light emission was recorded digitally
from the top view using a Dalsa/SMD ICCD-1M30P camera equipped with a fiber-
coupled 18 mm Gen II UV image intensifier and a quartz lens. A typical sequence of
cool flame images is shown in Figure 4.2 taken with the Dalsa camera (from the top)
at 68.9 kPa and 613 K in a C3H8 + O2 premixture. For these conditions, the cool
flame was the first stage of a two-stage ignition as seen in the corresponding pressure
107
Figure 4.2: Cool flame in an equimolar C3H8 + O2 premixture at 68.9 kPa, 613 K,
and 10−2g. Images are 2/15 s apart. Radius of the quartz reactor was 5.1 cm, and
the induction time was approximately 16 s (see Figure 4.3).
Figure 4.3: Pressure history associated with the first stage (cool flame) of the two-
stage ignition shown in Figure 4.2. Dotted region indicates the conditions during
which the visible cool flame shown in Figure 4.2 was observed.
history, Figure 4.3. Note that the frames shown in Figure 4.2 occur within the circle
indicated on the pressure history.
Using a commercially-available image analysis software program (Igor ProTM),
line intensity profiles were taken vertically between two different horizontal locations
(white lines, 150 pixels apart) equidistant from the flame centerline (Figure 4.4a),
and the average horizontal pixel intensity value between the lines at each vertical
pixel location was tabulated (Fig. 4.4b). This line-averaging technique reduced the
intensifier Schott noise in the video data. The peak light intensity associated with all
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(a) (b)
Figure 4.4: (a) Representative cool flame image and (b) spatially-averaged line inten-
sity profile (5.9 pixels = 1 mm). Note that the internal walls of the reactor are at 168
and 768 pixels. In this test, the mixture was equimolar C3H8 + O2 at Tw = 613 K
and Pinitial = 66.9 kPa.
cool flames decreased monotonically as the radius of the flame increased. Figure 4.5
shows representative line intensity profiles for a cool flame at different times.
To further smooth the experimental data, a 7-point averaging scheme was con-
ducted and repeated three times. For each value of ri, which represents a point along
the curve, it was assigned an averaged value per:
r0 =
r−3 + r−2 + r−1 + r0 + r1 + r2 + r3
7
followed by a 19-point least squares fit with a fifth order polynomial [Savitzky and
Golay, 1964], of the following form:
r0 =
1393r0 + 1320(r1 + r−1) + 1110(r2 + r−2) + 790(r3 + r−3)
7429
+
405(r4 + r−4) + 18(r5 + r−5)− 290(r6 + r−6)
7429
+
−420(r7 + r−7)− 255(r8 + r−8) + 340(r9 + r−9)
7429
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Figure 4.5: Raw data of light emission profiles where 5.9 pixels = 1 mm, and the edge
of the reactor (R = 5.1 cm) is at 28.5 and 130.2 mm (Tw = 613 K, Pinitial = 66.9 kPa,
equimolar C3H8 +O2) [Foster and Pearlman, 2006b].
Furthermore, line-of-sight integration errors that occur due to the 2-D mapping of an
otherwise spherical flame front were resolved using a three-point Abel deconvolution,
which was applied to the smoothed data [Dasch, 1992]. The deconvolution operator
was calculated in the following manner, where j represents the original pixel intensity
value and i represents the deconvoluted value.
Dij =


0 j < i− 1
Ii,j+1(0)− Ii,j+1(1) j = i− 1
Ii,j+1(0)− Ii,j+1(1) + 2Ii,j(1) j = i
Ii,j+1(0)− Ii,j+1(1) + 2Ii,j(1)− Ii,j−1(0)− Ii,j−1(1) j ≥ i+ 1
Ii,j+1(0)− Ii,j+1(1) + 2Ii,j(1)− 2Ii,j−1(1) i = 0, j = 1
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where
Iij(0) =


0 j = i = 0 or j < i
1
2pi
ln
{
[(2j+1)2−4i2]1/2+2j+1
2j
}
j = i 6= 0
1
2pi
ln
{
[(2j+1)2−4i2]1/2+2j+1
[(2j−1)2−4i2]1/2+2j−1
}
j > i
Iij(1) =


0 j < i
1
2pi
[(2j + 1)2 − 4i2]1/2 − 2jIij(0) j = i
1
2pi
{[(2j + 1)2 − 4i2]1/2 − [(2j − 1)2 − 4i2]1/2} − 2jIij(0) j > i
The flame location was then defined as the location associated with a 63% rise in
the pixel light intensity value above the background noise floor relative to the peak
intensity value for each frame. The radius was defined as half the distance between the
determined outer flame edges. At the completion of post processing, the estimated
error bar on all reported radius values was ±2.5 mm (±14 pixels) determined from
the spread of the pixel intensity values in the vicinity of the 63% rise point.
Figure 4.6 shows the flame radius versus time data for two different cases with
error bars and a 3rd order polynomial fit. The resulting flame speed versus time data
using 3rd order and 4th order polynomial fits (dashed line) are within the error bars.
4.3 Cool Flame Propagation Speeds
To determine the cool flame propagation speed as a function of time, a third-order
polynomial fit was applied to the flame location data, Rf (t), and differentiated with
respect to time to obtain Vf (t) = dRf (t)/dt as a second-order polynomial.
Figures 4.7a–d show the flame radius, Rf , and the flame velocity, Vf , as functions
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Figure 4.6: Flame radius (closed symbols; left y-axis) and flame speed (dashed lines,
right y-axis) versus time for equimolar C3H8 +O2 with error bars.
of time for different initial reactant pressures and wall temperatures (Tw) equal to
593 K, 603 K, 613 K, and 623 K, respectively. In each figure, t = 0 s corresponds to
the video frame prior to the first frame for which a cool flame was observed. Since
the sampling rate was 30 fps, the first observable frame had a radius of 5–10 mm.
Note that for all cases considered, the cool flame originated at the center of the
reactor and then decelerated as it propagated radially outward towards the wall. Each
curve shown in Figure 4.7 corresponds to a separate parabolic free-fall test aboard
the reduced-gravity aircraft at the prescribed pressure and temperature. In all cases,
the cool flames continuously decelerated as they propagated radially outward. In
part, this continuous deceleration was due to enhanced conduction heat loss to the
wall, although it was complicated by the fact that the flame was propagating in the
direction of a negative temperature gradient, and the concentration distributions also
varied both spatially and temporally.
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(a) Tw = 593 K (b) Tw = 603 K
(c) Tw = 613 K (d) Tw = 623 K
Figure 4.7: Flame radius (closed symbols; left y-axis) and flame speed (open symbols;
right y-axis) versus time for equimolar C3H8+O2 at different initial reactor pressures
and fixed wall temperatures.
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In some cases (Tw = 593 K, Pinitial = 68.3 kPa and 70.3 kPa; Tw = 623 K, all pres-
sures), negative flame speeds are shown. Negative values indicate that the cool flame
propagation direction changed after the cool flames approached the wall. Specifically,
the location of the peak intensity was observed to retreat inwardly towards the cen-
ter of the reactor for the conditions indicated. Numerical computations discussed in
Section 4.4 capture this behavior.
4.3.1 Diffusion versus Chemical Time Scales
Currently, the only reduced model appropriate for propane oxidation at low and
intermediate temperatures that includes diffusive fluxes of heat and species is that
recently reported by Fairlie et al. [2005]. Using the EXGAS detailed chemical kinetic
model [Warth et al., 1998a] for propane in the temperature range of 600–2000 K as
a baseline, they developed a reduced mechanism with 58 species and 378 reactions.
Extending the mechanism by including diffusion of heat and species, they solved their
model numerically for a one-dimensional spherically-symmetric domain. While shown
to be more reactive than the experimental data, an increase in the radius of the peak
light emission was predicted followed by a slight retreat of the peak intensity towards
the center of the reactor for 593 K and 46.7 kPa (see Figure 4.8). Also, note the flame
speed does not approach a steady state value in the numerical simulations for these
test parameters and is consistent with the experiments conducted at 68.3 kPa and
70.3 kPa at 593 K shown in Fig. 4.7a. Fairlie et al. [2005] concluded, “the evolution
[of a propagating combustion front] is attributed to the way in which the reaction
(and heat release) rates respond locally to the prevailing temperature,” where the
temperature is strongly governed by diffusion.
Note that the ratio of chemical (induction) time to diffusion time for all of the
cool flame tests that developed during this study ranged from approximately 0.25–
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Figure 4.8: The radii of the maximum numerical prediction (“hν”) of formaldehyde
concentration and experimental data () of cool flame light emission [Fairlie et al.,
2005]. (Figure copyright—Appendix M)
0.65, since the chemistry at low temperature is slow and on the same order as the
diffusional times. Estimates of the thermal diffusion time for equimolar C3H8 + O2
(tthermal) at 600 K is
tthermal ≈ R2/α ≈ (50 mm)2/(67 mm2/s) = 37.3 s,
and the mass diffusion time (tmass) is
tmass = R
2/DC3H8+O2 = Le(tthermal) = 0.8(37.3 s) = 29.8 s,
where α and Le are taken for equimolar C3H8 +O2.
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4.3.2 The Role of Flame Stretch
From the video records, the cool flames propagated spherically outward from the
center with a continuously decreasing flame speed. These flames are undoubtedly
affected by curvature and hydrodynamic strain much like spherically propagating
“hot” flames, therefore the data had to be processed to determine an unstretched
flame speed as a function of temperature and pressure. Flame stretch refers to “the
local fractional increase of flame-surface area” [Peters, 1986] and has contributions
from the flame curvature and the hydrodynamic strain.
Historically, flame stretch was first considered by Karlovitz et al. [1953] during a
study of turbulent flame propagation across a flow with spatial gradients in flow speed
and turbulent fluctuations. Both Karlovitz et al. [1953] and Lewis and von Elbe [1987]
asserted that the flame stretch caused the burning velocity to diminish solely based
on the reduction in heat flux that results when the flame reaction zone is elongated.
More recent studies have also included the rate of species diffusion [Matalon, 1983;
Matalon et al., 2003; Matalon, 2007].
For spherically expanding premixed flames, a linear relation between flame speed
and flame stretch rate has been shown to be appropriate for flames with moderate
curvature (i.e., the flame radius is greater than the flame thermal thickness) and
strain rates [Markstein, 1964; Clavin, 1985]
Vf = V
o
f − Lκ,
where V of is the unstretched, laminar burning velocity (m/s); L is the Markstein
length (m); and κ is the flame stretch rate (1/s). For spherically-expanding flames,
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flame stretch rate is calculated by the following expression [Matalon, 1983; Law, 1988]:
κ =
1
Af
dAf
dt
=
1
4πR2f
(
8πRf
dRf
dt
)
=
2
Rf
dRf
dt
= 2
Vf
Rf
where Af is the area of the flame front.
Figure 4.9 shows the experimentally measured cool flame speeds versus stretch
rates, κ, for four different wall temperatures and different initial pressures of equimolar
C3H8+O2. In all cases, an increase in flame speed with increasing stretch is observed.
Near-zero values of the stretch rate are associated with the very low (near-zero)
cool flame propagation speeds when the cool flames reside in the vicinity of the
wall. Negative values for flame stretch correspond to the cases when the cool flame
subsequently retreats radially inward. Note also that the values of flame stretch rate
are approximately an order of magnitude slower compared to those associated with
high-temperature premixed, laminar flame fronts (κ ranges from 100–400 1/s [Liao
et al., 2005]), due to the significantly smaller cool flame propagation speeds.
If a linear fit is applied in the early and intermediate developmental stages of the
cool flame, prior to significant conduction heat loss as the cool flame approaches the
wall, the slope of the line L is negative. This means that the flame speed increases
with increasing positive stretch rate and, according to premixed flame theory, sug-
gests the flames are unstable, i.e., they have disturbed or cellular flame fronts. Note
that in addition to hydrodynamic strain and flame curvature, heat loss and prefer-
ential diffusion may affect cool flame stability [Law, 1988] in a similar manner to
the way diffusive-thermal instabilities affect laminar premixed flames as depicted in
Figure 4.10.
Using the linear fits, the laminar cool flame propagation speeds with stretch for
select temperatures and pressures were extrapolated to zero stretch and the results
are presented in Table 4.1. The extrapolation is taken from the points where the
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(a) Tw = 593K (b) Tw = 603K
(c) Tw = 613K (d) Tw = 623K
Figure 4.9: Flame stretch as a function of flame speed for different initial pressures
and wall temperatures for equimolar C3H8+O2. The dashed line is the extrapolation
to the unstretched flame speed (V of ) with a slope equal to the Markstein length (L).
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Figure 4.10: Schematic demonstrating diffusional-thermal instability discussed by
Law [1988]. (Figure copyright—Appendix M)
Table 4.1: Unstretched cool flame propagation speeds
T P V of
Test # (K) (kPa) (mm/s)
1 593 71.0 46
2 593 70.3 66
3 603 55.2 60
4 603 67.6 72
5 613 66.9 103
6 623 62.1 40
7 623 66.2 70
8 623 68.3 96
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propagation speed is nearly constant with increasing stretch rate. The flame front at
these speeds has a small radius near the center of the reactor; therefore, wall effects
are weak. For the two cases extrapolated at 593 K shown in Fig. 4.9a, the dependence
of flame speed on flame stretch (i.e., L, the Markstein length) was approximately the
same. At 603 K, L the weak increase with increasing pressure is within the uncer-
tainty of velocity from Figure 4.6. Only two data sets were obtained at 613 K for
66.9 kPa due to the limited availability of NASA’s KC-135A aircraft. For this temper-
ature and pressure, the lack of reproducibility may be attributed to errors associated
with residual gas impurity between sequential tests, gas entry effects, and g-jitter (the
time-dependent variation in the acceleration due to mechanical and aerodynamically
induced vibrations). Furthermore, at 623 K and considering the uncertainty in veloc-
ity, L had a nonlinear dependence on pressure as it increases gradually from 62.1 kPa
to 81.4 kPa. These changes were slight, and were limited by the data available from
the visible light emission at high stretch rate. The variation may be affected by the
sensitivity of the chemistry to pressure.
For the four temperatures available for this study, no common pressure was tested.
As temperature increased, those tests that were closest to 69 kPa showed an increase
in speed (∆V of = 6 mm/s) from test 2 to test 4, a significant increase (∆V
o
f = 31 mm/s)
from test 4 to test 5, and then a decrease (∆V of = -7 mm/s) from test 5 to test 8.
4.4 Numerically-Computed Cool Flame Speed
The 2-D reactive-diffusive Gray-Yang model developed by Foster [2006] and appro-
priate at 0g was used to qualitatively evaluate the effects of flame radius (curvature)
on the predicted flame speeds. Figure 4.11 shows the radius and the calculated flame
speed as a function of time. (Note that the pressure for each case was assumed con-
stant.) The flame speeds were calculated by simply differentiating the radius data
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Figure 4.11: Flame radius (open symbols; left y-axis) and flame speed (closed symbols;
right y-axis) versus time for different fixed wall temperatures using the 2-D Gray-Yang
model [Foster, 2006] at 0g.
between two consecutive data points.
Vi =
Ri −Ri−1
ti − ti−1
The radius values were obtained from the peak of the species A concentration profiles,
which, similarly to the peak formaldehyde concentration calculated by Fairlie et al.
[2005], tracked the temperature profile consistently throughout the reactor and the
course of the reaction (see [Foster, 2006, Figs. 4.3 and 4.4a]).
A comparison of the radius and the velocity predicted from this relatively simple
model are qualitatively similar to those shown in Figure 4.7. As seen in the exper-
imental and numerical data, the flame front continually decelerates as it propagates
to the wall. The numerical results also show that the flame propagates throughout
the reactor in less time as temperature increases.
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Figure 4.12: Flame stretch as a function of flame speed for different fixed wall tem-
peratures using the 2-D Gray-Yang model [Foster, 2006] at 0g.
The computed cool flame propagation speed as a function of stretch rate is shown
in Figure 4.12. Consistent with the experimental observations reported in Figure 4.9,
the flame speed decreases with decreasing stretch rate; the only exception occurs at
large values of the stretch rate at T = 593 K where decreasing stretch rate results in
an initial increase then decrease in the flame propagation speed. In addition, the rate
at which the flame speed decreases increases with decreasing stretch rate, which is
also consistent with the experimental results. With respect to the temperature depen-
dence, the rate at which the flame speed increases (flame acceleration) with increasing
stretch rate is largest at T = 623 K and decreases with decreasing temperature for
the range of temperatures considered.
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4.5 Flame Speed Comparison between Static and Flow Reactor Experi-
ments
As mentioned in Sections 1.1.2 and 4.1, laminar flow tubes have been used to
stabilize cool flames and light emission and conduct species production studies. These
studies are a 1-D analysis, with reaction time corresponding to axial location within
the tube. As discussed above, since the chemical time is not significantly shorter than
the diffusion time owing to the slow chemistry, the reactive-diffusive cool flame speed
(4.0–10.3 cm/s, Table 4.1) should be near, yet slightly slower than, the speed of flow
tube cool flames.
Using a horizontal, open-ended conical combustion tube with Tw = 303 K, ether-
oxygen cool flames were stabilized, albeit buoyantly distorted, by Spence and Tow-
nend [1949] (Figure 4.1). Igniting the mixture at one end of the tube, they explored
parameters in the ranges of 26.7 ≤ P ≤ 101.3 kPa and 38, 50, 59, and 73% of ether in
oxygen. With a 73% mixture, the cool flame propagated through the tube at about
12.5 cm/s (at 26.7 kPa) and 16 cm/s (at 40 kPa). For pressures in the range of 40 kPa
to 101.3 kPa, they did not observe any pressure influence on the cool flame speed.
Using a vertical, laminar flow reactor, Williams et al. [1958] stabilized cool flames
of n-heptane, 2-methylpentane, 3-methylpentane, hexene-1, and cyclohexane at 1 atm
with wall temperatures of 573 K, 623 K, and 673 K and 10–15% of fuel to 3–32%
of oxygen (balance N2). Cool flames were observed propagating at 2.1–10.5 cm/s in
tubes of 16, 25, 42, and 62 mm internal diameter. A reduction in tube size, with all
other parameters the same, increased the separation distance of cool and second-stage
flames.
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4.6 Summary
Cool flame propagation speeds based on peak light emission have been studied
for equimolar, premixed C3H8 + O2 at temperatures and pressures in the range of
593–623 K and 55–71 kPa, respectively. The role of flame stretch due to the spherical
curvature and gas expansion (hydrodynamic strain) of cool flames at reduced-gravity
was also considered. The unstretched flame speeds were extrapolated from plots
of flame radius versus stretch rate and were determined to be in the range of 4.0–
10.3 cm/s. Initial qualitative numerical work showed that the flame speed defined
based on the peak of the autocatalytic species also decreased with increasing radius.
Together, the experiments and numerical work indicate an overall trend of increasing
propagation speed with increasing temperature.
Additional computational work is needed to clarify the role of flame stretch on
cool flames and spherically expanding ignition fronts to further validate the use of
Markstein’s phenomenological relation [Markstein, 1964] between flame speed and
stretch rate as it pertains to cool flames and ignitions.
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5. THE EFFECTS OF VARIABLE DENSITY BASED ON
SIMULATIONS PERFORMED WITH THE WANG-MOU MODEL
The Gray-Yang and Wang-Mou global schemes were used to develop a qualitative
model that could be used to interpret the experimental results obtained at reduced-
gravity in previous work by the author [Foster and Pearlman, 2006a; Foster, 2006]. For
cases where natural convection was important, the incompressible form of the Navier-
Stokes equations was used with the Boussinesq approximation, i.e., ρ = ρ0(1− β∆T )
where ρ is the gas density, ρ0 is the initial gas density, β is the coefficient of volumetric
expansion, and ∆T is the temperature increase relative to the initial gas temperature.
The approximation is valid for cases in which the temperature rise is small, e.g.,
slow reactions and cool flames, such that the density variation is also small, yet even
small density variations may induce some buoyant flow. For slow reactions and cool
flames in the temperature range of 550–650 K, ∆T varies from 10–200 K such that
β∆T = ∆T/T ranges from about 0.017–0.33. For ignitions with much larger ∆T , the
Boussinesq approximation cannot be used. One purpose of this study was to explore
the range of validity of the Boussinesq approximation by comparing its results with
those obtained with the full compressible equations and determine the behavior of
the reaction for conditions when the approximation is no longer valid
This chapter opens with the development of the non-dimensionalized, compressible
Navier-Stokes and energy equations using the Wang-Mou global kinetic scheme. The
temperature, density, Y species concentration, and flow speeds calculated using this
model are then compared to those obtained using the Boussinesq approximation.
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5.1 The Non-Dimensional, Compressible Wang-Mou Model
Using the reaction parameters presented in Section 3.4.1, the compressible form of
the continuity, momentum, energy, and species conservation equations can be written
in the following form:
Dρ¯
Dt¯
= 0 (5.1)
ρ¯
DV¯
Dt¯
= ρ¯g¯ − ▽¯P¯ + ▽¯ ·
[
µ¯o
(
∂u¯i
∂x¯j
+
∂u¯j
∂x¯i
)
− (2µ¯o/3− κ¯dv)(▽¯ · V¯ )¯I
]
(5.2)
ρ¯C¯o
D(T¯ − T¯o)
Dt¯
=
DP¯
Dt¯
+ ▽¯ · [ ¯kT,o▽¯(T¯ − T¯o)]+ Φ¯+
k¯1h¯1y¯ + (k¯2h¯2y¯ + k¯3h¯3 + k¯4h¯4 + k¯5h¯5)x¯ (5.3)
Dy¯
Dt¯
= D¯Y ▽¯
2y¯ − k¯1y¯ − k¯2x¯y¯ (5.4)
Dx¯
Dt¯
= D¯X▽¯
2x¯+ k¯1y¯ + k¯2x¯y¯ + k¯3x¯− k¯4x¯− k¯5x¯ (5.5)
where V¯ is the velocity (m/s); µ¯o is the dynamic viscosity (N · s/m2), C¯o is the initial
heat capacity (J/kg · K), κ¯dv is the second coefficient of viscosity (N · s/m2) taken to
be 2µ¯o/3 from Stokes Hypothesis, and Φ¯ is the dissipation function,
Φ¯ = µ¯o
[
2
(
∂u¯
∂r¯
)2
+ 2
(
∂v¯
∂z¯
)2
+
(
∂v¯
∂r¯
+
∂u¯
∂z¯
)2]
− 2µ¯o
3
(
∂u¯
∂r¯
+
∂v¯
∂z¯
)2
All other parameters are defined in Section 3.4.1. The following non-dimensional
groups are introduced to non-dimensionalize the equations:
P =
P¯
µ¯oD¯Y /R¯2
, ρ =
(
µ¯oD¯Y
R¯2P¯o
)
P
1 + U
, Φ =
Φ¯
µ¯oD¯2Y /R¯
4
, V =
V¯
D¯Y /R¯
,
Sc = PrLe =
ν¯o
D¯Y
, Ec =
D¯2Y
C¯oT¯oR¯2
, Re =
ρ¯oD¯Y
µ¯o
, Ramod =
R¯3g¯
α¯oν¯o
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where P¯o is the initial pressure (Pa), R¯ is the radius (m), µ¯o is the initial dynamic
viscosity (kg/m · s), ν¯o is the initial kinematic viscosity (m/s2), α¯o is the initial thermal
diffusivity (m2/s), and ρ¯o is the initial gas density (kg/m
3). Ramod is a reduced form
of the Rayleigh number and it does not include β∆T¯ = ∆T¯ /T¯o.
The non-dimensional continuity, energy, and species equations then become:
Dρ
Dt
= 0 (5.6)
ρ
Sc
DV
Dt
= (Le Ramod)ρ− ▽P + ▽2V (5.7)
ρ
DU
Dt
= (Ec Sc)
DP
Dt
+ Le▽2U + (Ec Sc)Φ+
[k1h1Y + (k2h2Y + k3h3 + k4h4 + k5h5)X] (5.8)
DY
Dt
= ▽2Y − k1Y − k2XY (5.9)
DX
Dt
=
(
D¯X
D¯Y
)
▽2X + k1Y + k2XY + k3X − k4X − k5X (5.10)
5.2 The Non-Dimensional, Incompressible Wang-Mou Model
The incompressible assumption is used to simplify the momentum equation while
density variations remain in the body force term using the Boussinesq approximation.
The species equations are unaffected and the momentum and energy equations reduce
to the following forms:
DV¯
Dt¯
=
ρ¯
ρ¯o
g¯ − 1
ρ¯o
▽¯P¯ +
µ¯o
ρ¯o
▽¯2V¯ (5.11)
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ρ¯C¯o
D(T¯ − T¯o)
Dt¯
= k¯T,o▽¯
2(T¯ − T¯o) + k¯1h¯1y¯ + (k¯2h¯2y¯ + k¯3h¯3 + k¯4h¯4 + k¯5h¯5)x¯ (5.12)
In non-dimensional form, the momentum and energy equations then become:
1
Sc
DV
Dt
= Le Ramod(1− U)− ▽P + ▽2V (5.13)
DU
Dt
= Le▽2U + k1h1Y + (k2h2Y + k3h3 + k4h4 + k5h5)X (5.14)
where the Boussinesq approximation is applied through substitution of (1− U) for ρ
in the momentum equation.
5.3 Results
The coupled species and energy equations are solved in a 2-D axisymmetic half-
domain (Figure 5.1) of radius R such that 0 ≤ ℓ ≤ 1. The domain was meshed with
4896 triangular elements. The boundary conditions applied on the domain include
slip/axial symmetry for the momentum equation and no flux for the temperature and
species concentrations at the axis of symmetry (ℓ = 0), i.e., u = 0; ▽U = 0; and ▽X =
▽Y = 0. At ℓ = 1, no slip (V = 0), no species fluxes, i.e., a chemically inert boundary
(▽X = ▽Y = 0), and a fixed gas temperature equal to the initial temperature
(U = 0) were assumed. The mixture composition was taken to be y¯0 initially, and
the initial temperature, velocity, and pressure everywhere in the domain were taken
to be T¯ = T¯0, V¯ = 0, and P¯ = P¯o, respectively, so that the non-dimensional initial
conditions become Y = 1, X = 0, U = 0, V = 0, and P = P¯oR¯
2
µ¯oD¯Y
. The parent fuel-air
mixture was further assumed to be equimolar such that y¯0 =
N¯o
2
= P¯0
2R¯uT¯0
.
The coupled partial differential equations were then integrated using a PDE solver,
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Figure 5.1: Meshed domain for 2-D axisymmetric compressible and incompressible
with Boussinesq approximation Wang-Mou modeling.
UMFPACK [Davis, 2004], packaged with the commercially available COMSOL Multi-
physics TM software. The time-step was variable. The relative tolerance on the non-
dimensional velocity, pressure, temperature, and species concentrations was 10−6,
while the absolute tolerances were U , 1× 10−7; u, 1× 10−4; v, 1× 10−4; Y , 1× 10−6;
X, 1× 10−7; and P , 1× 104. (For timely convergence of two-stage ignitions, the ab-
solute tolerance for u and v was increased to 1× 10−3.) All tolerances were increased
and decreased by an order of magnitude with a difference of less than 0.5% in the
prediction of U(t), ρ(t), and Y (t). The maximum backwards differentiation order was
five. Other parameter constants were based on equimolar n-C4H10+O2 at T = 630 K
and P = 80 kPa and are listed in Table 5.1. In addition, ρ¯o and D¯Y were calculated
from the ideal gas law and α/Le, respectively.
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Table 5.1: Parameters for compressible and incompressible Wang-Mou models.
Constant Variable Value
initial dynamic viscosity µ¯o 2.57× 10−5 kg/(m s)
initial heat capacity C¯o 2007 J/(kg K)
diameter d 0.03 m
thermal conductivity kT 0.05747 W/(m K)
gravity g 0.0981 m/s2
Lewis number Le 1
Prandtl number Pr 1
5.3.1 Temporal Variation of Temperature, Density, and Species Y
Plots of the non-dimensional temperature, U ; density, ρ; and initial reactant con-
centration, Y , histories at the center of the reactor for a low-temperature reaction,
a low-temperature reaction with a larger temperature increase, a damped oscillatory
cool flame, a damped oscillating cool flame with larger amplitude, and a two-stage ig-
nition are shown in Figures 5.2–5.6, respectively. In addition, the difference between
the temperature computed using the incompressible model and that based on the
compressible model (e.g., Difference ≡ Uincomp − Ucomp) is plotted for each case and
used to assess the accuracy using the Boussinesq approximation. When the difference
was a less than 10%, the Boussinesq approximation was considered to be adequate,
while for cases for which the difference was in excess of 10%, the effects of hot gas
expansion are important and should not be neglected. All numerical calculations were
conducted assuming an initial reactor wall temperature of Tw = 630 K.
For the low-temperature case shown in Figure 5.2, the difference between the
compressible and incompressible models was negligible. This result is expected, since
the maximum temperature rise was only U = 0.006 (∆T ≈ 4 K), such that the
Boussinesq approximation was well satisfied, i.e., U ≪ 1.
In Figure 5.3, the results for a low-temperature reaction with a higher initial
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(a) U(t, ℓ = 0) (b) ρ(t, ℓ = 0)
(c) Y (t, ℓ = 0) (d) X(t, ℓ = 0)
Figure 5.2: Plots of (a) U , (b) ρ, and (c) Y histories at the center of the reactor (mid-
point of the axisymmetric axis) for a low-temperature reaction at Pinitial = 60 kPa
and Tw = 630 K.
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(a) U(t, ℓ = 0) (b) ρ(t, ℓ = 0)
(c) Y (t, ℓ = 0) (d) X(t, ℓ = 0)
Figure 5.3: Plots of (a) U , (b) ρ, and (c) Y histories at the center of the reactor
(mid-point of the axisymmetric axis) for a low-temperature reaction (with a higher
initial temperature rise than Figure 5.2) at Pinitial = 70 kPa and Tw = 630 K.
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(a) U(t, ℓ = 0) (b) ρ(t, ℓ = 0)
(c) Y (t, ℓ = 0) (d) X(t, ℓ = 0)
Figure 5.4: Plots of (a) U , (b) ρ, and (c) Y histories at the center of the reactor (mid-
point of the axisymmetric axis) for a damped oscillatory cool flame at Pinitial = 80 kPa
and Tw = 630 K.
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(a) U(t, ℓ = 0) (b) ρ(t, ℓ = 0)
(c) Y (t, ℓ = 0) (d) X(t, ℓ = 0)
Figure 5.5: Plots of (a) U , (b) ρ, and (c) Y histories at the center of the reac-
tor (mid-point of the axisymmetric axis) for a damped oscillatory cool flame at
Pinitial = 100 kPa and Tw = 630 K with a larger temperature rise than the case
shown in Figure 5.4.
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(a) U(t, ℓ = 0) (b) ρ(t, ℓ = 0)
(c) Y (t, ℓ = 0) (d) X(t, ℓ = 0)
Figure 5.6: Plots of (a) U , (b) ρ, and (c) Y histories at the center of the reactor
(mid-point of the axisymmetric axis) for a two-stage ignition at Pinitial = 120 kPa
and Tw = 630 K.
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temperature rise than in Figure 5.2 are shown for Tw = 630 K and Pinitial = 70 kPa.
The peak temperature difference is U ≈ 0.065, which corresponds to ∆T = 41 K
for Tw = 630 K. For this case, the maximum difference in the temperature history
is 0.00025 at t = 2.5, a 0.625% difference with respect to the incompressible case.
Therefore, a negligible difference is observed for U at all t. However, after the peak
temperature rise, the difference between the model densities remains between 2.0–
2.5%, while the Y concentrations compare well throughout the test.
In Figure 5.4, an oscillatory cool flame is predicted with a peak temperature
rise of approximately 0.155 (∆T = 97.7 K). The maximum temperature difference
between the incompressible and compressible computations is approximately 0.005,
and it occurs during the cooling period due to the more rapid damping predicted by
the compressible model. As the oscillations damp out, the difference decreases. The
incompressible model predicts a maximum density 7.6% lower at t = 1.4 than the
compressible model. This difference in the density is due to the variable pressure in the
compressible model versus the constant pressure with the Boussinesq approximation.
Since both the pressure, as shown in Figure 5.7a, and the temperature increase, the
compressible density (ρ = P/R ·T ) does not decrease as much as with the Boussinesq
approximation. Again, the Y concentration values are nearly identical throughout
the reaction.
The damped oscillatory cool flame shown in Figure 5.5, near the ignition boundary
at Pinitial = 100 kPa, has a peak temperature of approximately 0.29 (∆T = 182.7 K).
The maximum difference is 0.02, which is a 10% deviation from the incompressible
model. As the oscillation damps, the difference becomes negligible. However, the
density difference remains at 10% of its value in the incompressible model, while the Y
concentration deviates little throughout the reaction. The increase in Y concentration
at the center near t = 0.7 is due to diffusion from a higher concentration of Y in the
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(a) Pinitial = 80 kPa (b) Pinitial = 120 kPa
Figure 5.7: Plots of compressible P (t, ℓ = 0) for the (a) oscillatory cool flame
(Pinitial = 80 kPa) and (b) two-stage ignition (Pinitial = 120 kPa) cases at Tw = 630 K.
outer region in the same manner as the case in Chapter 3 (Figure 3.13c).
For the two-stage ignition shown in Figure 5.6, the incompressible model predicts
a longer second induction time (∆t = 0.07) from the low-temperature reaction to
ignition. This difference in induction time is due to the rapid increase in pressure
(Figure 5.7) and decrease in density as the cool flame forms in the compressible model,
which causes a rapid increase in the temperature through the equation of state. U
has a 10% difference for t ranging from 0.24–0.30, before the difference grows prior
to and during ignition. The Y concentration decreased rapidly during the ignition
event.
5.3.2 Effect of Rayleigh Number on Temperature and Velocity Profiles
To determine the effect that the non-dimensional group gR3/να has on the dif-
ference between the compressible and incompressible models, temperature histories
at the center were computed and the difference between the models calculated (Fig-
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ures 5.8a, c, e, and g); in addition, the vertical axial profiles of temperature and
the vertical component of velocity were computed and are shown in Figures 5.8b, d,
f, h and 5.9, respectively. For the weak oscillatory cool flame shown in Figure 5.4,
gR3/να = 190 and β∆T = ∆T/T = Umax = 0.15. Therefore, the values for gR
3/να
(and their Rayleigh number) considered based on the maximum temperature rise
from values less than 600 to values larger than 600 in Figures 5.8a, c, e, g are:
gR3/να = 100 (Ra = 15); gR3/να = 600 (Ra = 90); gR3/να = 4000 (Ra = 600);
and gR3/να = 10000 (Ra = 1500). Thus, diffusive and diffusive/convective transport
are considered.
The temperature histories for gR3/να = 100 and 600 in Figures 5.8a, c are
nearly identical using both the compressible and incompressible models. However,
the temperature profile in Figure 5.8b is symmetric while Figure 5.8d shows a slight
shift (r ≈ 0.05) in the maximum temperature toward the top of the reactor at
gR3/να = 600.
For gR3/να = 4000 and 10000, the temperature histories were taken at r = 0.35
and r = 0.5, respectively, on the vertical axis toward the top of the reactor. These
positions are approximately at the centers of the maximum temperature for each
case based on the temperature distribution at t = 1.5. Note also that the maximum
temperature rise decreases as gR3/να increases due to the enhanced convective heat
loss. The oscillations also damp more quickly at higher gR3/να, and the magnitude
in the difference between the models, albeit very small, decreases. For the parameters
considered, the differences in the temperature between the two models ranges from
0.0 to 0.005 (for Tw = 630 K, a difference from 0.0 K to 3.15 K) at gR
3/να = 100
and 600.
The z-Velocity profiles taken along the axis of symmetry are shown in Figure 5.9
using the compressible model. The maximum z-Velocity at t = 1.5 is 0.21 (0.63 mm/s),
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(a) Ramod = 100, U(r = 0, t) (b) Ramod = 100, U(z, t)
(c) Ramod = 600, U(r = 0, t) (d) Ramod = 600, U(z, t)
Figure 5.8: The temperature histories for Ramod = 100 (a,b), 600 (c,d), 4000 (e,f),
and 10000 (g,h). Figures a, c, e, and g show the temperatures at the location of the
peak temperature taken at t = 1.5. Figures b, d, f, and h show the axial temperature
distribution at different times. (Conditions: Tw = 630 K, Pinitial = 80 kPa). The
horizontal dashed line indicates the center of the reactor and the dotted line indicates
cooling.
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(e) Ramod = 4000, U(r = 0.35, t) (f) Ramod = 4000, U(z, t)
(g) Ramod = 10000, U(r = 0.5, t) (h) Ramod = 10000, U(z, t)
Figure 5.8 (continued): The temperature histories for Ramod = 100 (a,b), 600 (c,d),
4000 (e,f), and 10000 (g,h). Figures a, c, e, and g show the temperatures at the
location of the peak temperature taken at t = 1.5. Figures b, d, f, and h show
the axial temperature distribution at different times. (Conditions: Tw = 630 K,
Pinitial = 80 kPa). The horizontal dashed line indicates the center of the reactor and
the dotted line indicates cooling.
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1.25 (3.7 mm/s), 7.2 (21.4 mm/s), and 13 (38.7 mm/s) for Ramod = 100, 600, 4000,
and 10000, respectively. Note that even though the maximum temperature for the
reaction decreases as Ramod increases, the z-Velocity increases due to the increase in
the body force term.
To further visualize the effect of increasing the non-dimensional ratio gR3/να on
the temperature and velocity distributions, Figure 5.10a shows the (a) temperature
and (b) velocity distributions at t = 1.5. Clearly, the maximum temperature shifts
vertically upward along the symmetry axis with increasing Ramod as seen in the
experiments, Also, in Figure 5.10b note that streamlines indicate that the core of
the recirculation begins near r = 0.6 and its elliptical shape is vertically oriented.
As Ramod increases, the core shifts upward and tilts slightly in a counterclockwise
direction due to higher flow speeds and thus steeper shear stresses near the wall.
5.3.3 Effects of Variable Density on the Cool Flame/Ignition Stability
Boundary
Figure 5.11 shows a comparison of the cool flame/ignition stability boundary for
the compressible and incompressible models. The stability boundary predicted by
both models is very similar throughout the temperature range, Tw = 615–660 K,
considered. The discrepancies occur at the low temperatures of 615 K and 620 K
and at 645 K, where the boundary shifts in its rate of increase in temperature and
pressure. As shown, the difference between the model predictions are negligible, which
suggests that density changes are not important at the stability boundary within the
temperature range considered.
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(a) Ramod = 100, Vz(z, t) (b) Ramod = 600, Vz(z, t)
(c) Ramod = 4000, Vz(z, t) (d) Ramod = 10000, Vz(z, t)
Figure 5.9: z-Velocity profiles at Ramod = (a) 100, (b) 600, (c) 4000, and (d) 10000
(Conditions: Tw = 630 K, Pinitial = 80 kPa) using the compressible model. The
dashed line indicates the center of the reactor and the dotted line indicates cooling.
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(a) U(t = 1.5)
(b) V (t = 1.5)
Figure 5.10: The (a) temperature profiles and (b) associated velocity field and uni-
formly spaced streamlines at t = 1.8 for Ramod = gR
3/να = 100 and t = 1.5 for
Ramod = gR
3/να = 600, 4000, and 10000 (as shown in Figures 5.8 and 5.9, respec-
tively. These computations were performed using the compressible flow model.
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Figure 5.11: Comparison of the cool flame/ignition stability boundary predicted using
the incompressible model with the Boussinesq approximation and the compressible
Wang-Mou models (OCF—oscillating cool flame, 2SI—two-stage ignition).
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5.4 Summary
The non-dimensional form of the compressible conservation equations using the
Wang-Mou global mechanism was developed to determine the effects of gas expan-
sion on the behavior of the reaction when the Boussinesq approximation fails, which
is expected when U is not significantly less than one. For U < 0.3, the Boussinesq
approximation produced less than 10% error for an oscillating cool flame at the ig-
nition boundary. Therefore, hot gas expansion effects become important when the
reaction temperature increases beyond 200 K for reactor wall temperatures on the
order of 600 K.
For the low-temperature and damped oscillatory cool flame cases, the effects of
hot gas expansion were only appreciable during the initial heat release from the cool
flames and β∆T ≡ U was 0.3 or less. Also, the computed difference between the
density associated with the incompressible model using the Boussinesq approximation
and that associated with the fully compressible model was 20% or less for all the cool
flame conditions considered. Larger differences and appreciable effects of hot gas
expansion were predicted at higher temperatures for conditions that generated two-
stage ignition (Figure 5.6). Specifically, the difference between the models was 10%
when U ≈ 0.3 and continued to then rapidly increase during the ignition stage and
U > 0.3. In part, the constant pressure assumption used in the incompressible model
resulted in lower computed values for the gas density.
The effect of the non-dimensional group gR3/να (Ramod) on the predicted tem-
perature and velocity distribution was also considered. As Ramod increased, the peak
temperature shifted vertically upward as observed in experiments and the computed
speed of the buoyant flow increased. Notably, the Ra’s for the cases considered showed
the effects of convection beginning to play a weak role at Ra = 90. Once Ra = 600,
convection was clearly apparent. Further work is needed to determine if Racr can be
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more precisely defined. In addition, the cool flame/ignition stability boundary sepa-
rating oscillatory cool flames from two-stage ignitions showed a negligible difference
between the models for the temperature range 615–660 K.
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6. CONCLUSIONS
The relative importance of convection versus diffusive transport on the temper-
ature, pressure, and light emission from slow combustion, cool flames, and ignitions
was studied experimentally in a closed, spherical reactor. All experiments were con-
ducted at reduced-gravity aboard NASA’s KC-135A aircraft using equimolar propane
+ oxygen or n-butane + oxygen premixtures, such that the body force exerted on the
reacting mixture was effectively reduced and buoyant convection was suppressed. In
contrast, identical experiments conducted at terrestrial conditions were complicated
by buoyant, recirculating flows. Such complexities have long been recognized [Melvin,
1969; Griffiths et al., 1971], yet until recent computational advances, they have been
disregarded in analytical (e.g., thermal ignition theory) and computational studies.
To compliment the experiments and improve our understanding of the conditions
that affect low-temperature reactions and their stability (i.e., pressure, temperature,
Lewis number), a global model based on the Wang-Mou scheme has been developed
from which ignition diagrams were generated for 1-D spherically-symmetric and 2-D
axisymmetric domains. The ignition diagrams were qualitatively compared to the
experimental results and found to be in good agreement.
Intensified video records were used to determine the flame radius and propaga-
tion speed as a function of time for different reactor wall temperatures (593-623 K)
and initial pressures (66.9–81.4 kPa) based on the maximum light intensity using an
equimolar propane + oxygen premixture. The flame speed was then tabulated as
a function of the flame stretch rate and extrapolated to zero stretch to determine
the unstretched cool flame propagation speed. To compliment the experiments, a
numerical model was developed based on a four-step global thermokinetic scheme
augmented with diffusion of heat and species, which captured the empirical trends.
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Finally, the non-dimensional species and energy equations, which were previously
developed based on the incompressible Navier-Stokes equations with the Boussinesq
approximation, were compared to computations performed with the full compressible
model to extend the model to include variable density and explore the effects of hot
gas expansion on the dynamics of the reaction.
6.1 Summary of the Role of Diffusive Transport on Low and Intermediate
Temperature Hydrocarbon Oxidation
Modes of slow reaction, cool flame(s), two-stage ignition, and single-stage ignition
have been observed in a closed, spherical reactor at reduced-gravity at temperatures
in the range of 574–674 K using equimolar C3H8+O2 and n-C4H10+O2 premixtures.
Pressure and temperature histories and visible light emission profiles have been re-
ported during the course of the reactions. The temperature distribution associated
with slow reactions and cool flames decreased monotonically from the center and was
qualitatively similar to that predicted by the author’s global models [Foster, 2006], as
well as, the extended 2-step Sal’nikov model reported by Campbell et al. [2006a]. In
addition, the temperature and light emission profiles agreed qualitatively with those
predicted by the reduced kinetic mechanism for propane + oxygen cool flames at
reduced-gravity developed at the University of Leeds [Fairlie et al., 2005]. Note, how-
ever, the reduced kinetic mechanism predicted higher reactivity than that measured
in the experiments conducted this study.
The temperature profile associated with cool flames was not parabolic as predicted
in numerical 0g calculations; rather, the temperature distribution during and shortly
after the visible cool flame developed a plateau at radial locations that were inter-
mediate between the center of the reactor and the reactor wall. This non-parabolic
temperature distribution suggests that natural convection may not have been com-
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pletely suppressed at 10−2g, yet at the same time, the visible light emission was
observed to be radially-symmetric and showed no evidence of a buoyantly distorted
front. At later times, the reaction continued (non-visibly) and the thermal plateau
faded. In the case of these experiments, the radial temperature distribution was mea-
sured using a thermocouple rake, yet the measurements were limited by the relatively
long response times of the thermocouples (Appendix B). To compute the actual tem-
peratures from the measured temperatures, a 1-D conduction heat transfer analysis
was conducted for a spherical thermocouple bead assuming a pure conductive bound-
ary condition. The results suggest that the actual temperature rise at the center
was approximately 370 K for the cool flame experiments. Based on the corrected
temperature values, the Ra at 10−2g was confirmed to be on the order of 600–700—
within the error bars of Racr = 600 ± 400. Future studies on the flow field together
with fast-response thermocouple measurements are recommended for future study to
resolve and quantify the temperature distribution.
The temperature distribution associated with two-stage and single-stage ignitions
was also non-monotonic and suggested that a weak buoyant recirculating flow (up-
wardly in the center and downwardly along the walls) may have developed at 10−2g.
Interesting, the light emission associated with ignition was also spherically-symmetric
(Figure 3.4) and not indicative of a buoyant flow. The onset of a buoyant flow for
ignitions would not be completely unexpected since the ignition events are accompa-
nied by large temperature excursions, and their associated Ra’s at 10−2g exceeded
Racr = 600.
In addition to the experiments, a reactive-diffusive model was developed based
on the Wang-Mou global kinetic scheme and used to compute the spatio-temporal
temperature, fuel concentration, and autocatalytic chain carrier species concentra-
tions for different ratios of species diffusivities and Le’s. Increasing Le was shown to
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promote cool flame oscillations and two-stage ignition, while the ratio of DY /DX had
no effect on the ignition diagrams for 0.2 ≤ DY /DX ≤ 1 and a weak effect on the
induction periods.
The model was then extended to a spherically-symmetric domain, which is more
representative of the experiments performed. Compared to the 1-D case, the cool
flame/ignition stability boundary shifted to higher temperatures and pressures. More-
over, the spherical model predicted cool flames and two-stage ignitions at unity Le,
while the 1-D model required a Le = 3 (or larger) to capture cool flame oscillations
and two-stage ignitions.
6.2 Summary of Reactive-Diffusive Cool Flame Propagation Speeds
From the reduced-gravity experimental data for cool flames, a cool flame radius
was defined based on a percent of the peak visible light emission. For all cases con-
sidered using equimolar C3H8+O2 at 593 K ≤ T ≤ 623 K and 55 kPa ≤ P ≤ 71 kPa,
the flames decelerated as they propagated radially from the center toward the walls,
and in select cases, the peak intensity subsequently contracted inward towards the
center of the reactor after the flame approached the wall. Using the radius versus
time data, the flame speed was then determined.
In addition, the first plots of cool flame speed versus flame stretch were reported
showing the flame speed increased with increasing stretch rate. A linear fit for select
cases was then used to extrapolate the unstretched cool flame propagation speeds
for the temperatures and pressures considered. The unstretched flame speeds for
pressures in the range of 55.2–71.0 kPa and temperatures in the range of 593–623 K
ranged from 4.0–10.3 cm/s.
A qualitative comparison between the experimental flame speeds and those com-
puted by Foster [2006] using the Gray-Yang scheme showed a similar range of values
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for the unstretched cool flame speeds and an overall trend of increasing propagation
speed with increasing temperature. Note, the flame location in the model was taken
as the peak value of the concentration of the free-radical propagating species. While
the model includes both chain and thermal feedback and successfully captures the
NTC behavior of the overall reaction rate, it is noted that it has not been tuned
for propane or n-butane and cannot predict detailed species concentrations or be ex-
pected to simulate the actual flame speed or temperature profile on a quantitative
basis.
6.3 Summary of the Effects of Variable Density based on Simulations
Performed with the Wang-Mou Model
In the Wang-Mou model reported in Chapter 3 and other recently developed static
reactor models that include natural convection [Cardoso et al., 2004a,b; Campbell
et al., 2005a,b, 2006b; Foster and Pearlman, 2006a; Foster, 2006], the results are
limited to conditions for which the temperature gradients are small such that the
Boussinesq approximation is satisfied. This approximation breaks down when β∆T
is not significantly less than one, which is the case for strongly non-isothermal cool
flames and ignitions. Thus, a fully compressible model was developed in Chapter 5
based on the same Wang-Mou five-step global scheme and the coupled species, mass,
momentum, and energy conservation equations were solved. The temperature profiles
and velocity field were compared to the results obtained using the incompressible
model with the Boussinesq approximation.
For low-temperature reactions and cool flames, the Boussinesq approximation
performed exceptionally well. The maximum difference between the predicted non-
dimensional temperature change (U) for a representative damped oscillatory cool
flame was as small as 2% and even smaller differences were computed for conditions
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representative of low-temperature reactions as expected since the temperature gradi-
ents were even smaller. The results obtained for the case of a two-stage ignition show
that a 10% difference occurs when U ≥ 0.1. Note that the difference in the model
predictions of the non-dimensional temperature at the center of the reactor exceeded
10% when U exceeded 0.3 for the damped oscillatory cool flame.
The effect of the non-dimensional group gR3/να on the predicted temperature and
velocity distribution was also considered. This ratio was referred to as the modified
Ra (Ramod) and is effectively a measure of the strength of buoyant flow compared
to diffusive transport. As Ramod increased, the peak temperature shifted vertically
upward as observed in experiments and the computed speed of the buoyant flow
increased. Numerical comparisons between the two models were also performed to
assess possible shifts in the cool flame/ignition stability boundary, yet no significant
changes were noted for the parameters considered.
6.4 Discussion of Numerical Predictions of Experimental Results
The numerical results obtained using a skeletal kinetic model augmented with
diffusion of heat and species and convective transport agreed favorably with the ex-
perimental trends observed at reduced-gravity.
Numerical computations were used to developed ignition diagrams for 1-D and 2-D
cases assuming unity Le using Wang-Mou’s 5-step skeletal mechanism. The 1-D model
was significantly more reactive than the 2-D model, which successfully captured modes
of slow reaction, cool flames, two-stage ignition, and single-stage ignition, albeit at
higher temperatures and pressures than those predicted by the 1-D model. The
2-D ignition diagram also compared more favorably with the experimental ignition
diagram, perhaps because the 1-D model does not account for flame curvature. The
models were extended to include the effects of hot gas expansion and it was shown
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that the Boussinesq approximation is adequate to compute the species concentration,
temperature, and flow fields associated with cool flames and slow reaction modes in
a closed static reactor. However, hot gas expansion cannot be neglected for ignition
modes due to their large temperature excursions and associated large density changes.
With respect to the critical conditions for the onset of convection in a closed reac-
tor, the measured temperature profiles associated with cool flames at reduced-gravity
displayed a thermal plateau which suggests that weak convection developed during the
initial heat release from the cool flames. Thus, lower g-levels (< 10−2g) are needed to
completely suppress convection at reduced-gravity. Interestingly, the thermal plateau
observed experimentally was not captured in prior numerical studies at 10−2g by Fos-
ter [2006], which is not completely unexpected since the model is recognizably skeletal
and has not been tuned specifically for low and intermediate temperature propane
or butane oxidation. However, a non-monotonic temperature profile (saddle-shaped)
was predicted at 10−2g for two-stage and single-stage ignitions, which have larger
temperature excursions, i.e., larger Ra. The saddle-shaped temperature profile also
increased in amplitude as the gravitational acceleration increased.
New experimental results were also obtained on diffusion-controlled cool flame
speeds. The propagation speeds ranged from 4.0 cm/s to 10.3 cm/s and were studied
as a function of the flame front curvature, i.e., flame stretch rate. Using a global
model, the qualitative behavior of the flame speed as functions of time agreed very
well. In addition, the numerically computed flame speed as a function of flame stretch
agreed with the experimental trends.
6.5 Recommendations for Future Work
The experiments performed at reduced-gravity provide benchmark data to re-
fine detailed and reduced chemical kinetic models for propane and butane at low
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pressure. In addition, the numerical simulations and analyses clearly show the im-
portance of transport on the structure and stability of these reactions and further
show that the ignition diagrams that have long been developed for static reactors
depend on the fluid mechanics and transport. The results can be used to improve
fire safety aboard reduced-gravity platforms and spacecraft where it is noted that
safety decisions based on well-stirred or unstirred static reactors experiments may
not be conservative and special attention must be given to understand how the com-
bined chemical and transport effects may shift the ignition diagrams and change the
stability of low temperature reactions, cool flames and ignitions.
Based on the results of this research, several additional studies are recommended
to further strengthen our fundamental understanding of the behavior and stability of
hydrocarbon oxidation reactions when transport effects are important. The following
recommendations are subdivided into experimental and numerical components.
Experimental
• Fast-response thermocouple measurements are needed to quantify the temper-
ature distribution associated with the different modes of reaction. These mea-
surements can then be used to validate numerical computations. In addition,
higher fidelity chemical kinetic models specifically tuned for propane (e.g., Fair-
lie et al. [2005]), butane, and other single component fuels, as well as practical
fuels and their surrogates that include convection and diffusive transport, are
needed.
Another option for temperature measurement is to use an IR camera to generate
a 2-D temperature map. By comparing the temperature distribution to the
intensified image of the visible light emission, information on the phasing of
the temperature field and the light emission can be ascertained. Note that the
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light emission is due to chemiluminescence of active species, and the peak light
emission may not be indicative of the highest temperature region. In addition,
it would be useful in providing spectrally-resolved data on the intermediate
species and final products formed.
• Particle Imaging Velocimetry (PIV) should also be conducted to quantify the
velocity field. No experimental data has been obtained on the internal flows
that are established within a static, unstirred reactor. Rather, our understand-
ing of the flow is inferred from the light emission and measured temperature
distributions. Additionally, the PIV results can be used to validate that the
initial condition to ensure that quiescence is achieved in a small fraction of the
induction period. Special care should also be given to ascertain the effect of the
particles on the flame intensity and propagation speed due to enhanced heat
loss and/or catalytic surface reaction. Representative tests should be run with
and without particle seeding for comparison.
• In addition to further experiments to develop a more complete ignition diagram
over a broader range of temperatures and pressures, all results reported herein
were conducted with rich mixtures at a fixed equivalence ratio. To explore the
effect of the initial mixture composition on cool flames, experiments with varied
equivalence ratios are also needed.
• Cool flame experiments in larger diameter reactors are also recommended to
study the effects of weak stretch on the propagation of cool flames since the
stretch rate decreases with increasing flame radius. The stretch rate plotted as
a function of flame speed is expected to have a similar trend to that shown in
Figure 4.9. At large radii, the cool flame will be effectively planar (barring any
instabilities) and may achieve a nearly constant propagation speed.
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• The spectral emission of propane and n-butane cool flames should be measured
and narrow-pass spectral filtering of the excited formaldehyde should be con-
ducted to improve the comparison between the experimental and the computed
concentrations, which can be done for the propane case that has been reported
in the literature [Fairlie et al., 2005]. A very sensitive spectrometer will be
necessary due to the extremely weak light intensity.
• Advanced diagnostics should be applied to measure select species concentra-
tions to further validate numerical computations performed with higher fidelity
reduced chemical kinetic models.
Numerical
• Reduced chemical kinetic models that include diffusion of heat and species are
critically needed for quantitative comparison with the reduced-gravity experi-
ments.
• Numerical computations should be performed to determine the critical Ra for
the onset of convection since there is a large error bar on the critical value used
as determined by prior experiments. Additional experiments should also be
performed to validate the results.
• Higher fidelity numerical models should be used to predict the flame propagation
speed as a function of the transport and the thermodynamic mixture properties
in a spherically-symmetric and one-dimensional configuration. Special attention
should be given to possible thermodiffusive and hydrodynamic instabilities that
may arise.
• The effects of variable density should be further explored to determine the ef-
fects of hot gas expansion on the flame propagation and stability, especially
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relevant for multi-stage and single-stage ignitions. Using reduced mechanisms
with transport while including variable density will necessitate significant com-
puter resources since a highly refined mesh and small time step will be needed
to resolve the steep temperature gradients across the ignition front.
• When Le ≪ 1, varying DY /DX should alter the ignition diagram due to mass
diffusion dominating thermal diffusion. For Le ≫ 1, DY /DX should not have
a strong effect on the ignition diagram since thermal diffusion will be playing
a stronger role. However, since Le is a ratio, numerical predictions will provide
insight into why or why not this expectation is true. The sensitivity of the
reaction to temperature versus its sensitivity to Yinitial are expected to play
important roles.
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Appendix A. NOMENCLATURE
Af Flame front surface area m
2
Ai Pre-exponential factor (variable)
Co Heat capacity, constant J/(kg K)
cp Heat capacity J/(kg K)
d Diameter m
DX Diffusion of species X m
2/s
DY Diffusion of species Y m
2/s
Ei Activation energy J/mol
g Gravitational acceleration m/s2
hi Heat release J/mol
ki Reaction rate 1/s
kT Thermal conductivity W/(m · K)
κ Flame stretch rate 1/s
ℓ ℓ¯/d
ℓ¯ Dimensional length m
L Markstein length m
Le Lewis number α/DY
N0 Initial molecular density mol/m
3
P Pressure kPa
Pinitial Pressure, initial kPa
Po Pressure, constant kPa
Pr Prandtl number ν/α
R Radius m
Ra Rayleigh number β∆TgR3/ν · α
Ramod gR
3/ν · α
Ru Universal gas constant J/(mol · K)
T Temperature K
Tgas Temperature of the gas K
TTC Temperature of the thermocouple K
Tw Temperature at the wall K
t Time s
tdiff Diffusion time d
2/DY
U (T¯ − T¯w)/T¯w = ∆T/T = β∆T
V Velocity m/s
V of Unstretched flame velocity mm/s
X x¯/y¯0
x¯ Concentration of species x mol/m3
Y y¯/y¯0
y¯ Concentration of species y mol/m3
y¯0 Initial concentration of species y mol/m
3
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α Thermal diffusivity m2/s
β Volumetric Expansion Coefficient 1/T
µo Constant dynamic viscosity kg/(m · s)
ν Kinematic viscosity m2/s
ρ Density kg/m3
θ Non-dimensional temperature
T−TTC,initial
Tgas−TTC,initial
τ Time constant 1/s
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Appendix B. Calculation of type-K Thermocouple Response Time for
the Case of Pure Conduction Heat Transport
The temperature of a Type-K chromel thermocouple is computed as a function
time by solving the unsteady heat conduction equation (neglecting radiation) in spher-
ical coordinates using the PDE Solver Direct (UMFPACK) [Davis, 2004]; the energy
equation has the form:
∂T
∂t
= α
(
∂2T
∂r2
+
2
r
∂T
∂r
)
where T is the temperature, r is the radial distance from the center of a spherical
thermocouple bead (leads neglected), α ≡ k
ρcp
is the thermal diffusivity and k, ρ, and
cp are the thermal conductivity, the density, and the specific heat. For the calculation,
the diameter of the thermocouple is 0.71 mm, the size used in the experiments. The
equation was then solved using the thermocouple properties for r < 0.355 mm and
gas properties for r > 0.355 mm and the heat fluxes are matched at r = 0.355 mm,
i.e., kTC
∂TTC
∂r
= kgas
∂Tgas
∂r
. Also, at r = 0, a no heat flux boundary condition was
applied and as r →∞, T → Tgas.
The thermocouple properties were assumed to be constant; the density, specific
heat, and thermal conductivity are: ρTC = 8730 kg/m
3, cp,TC = 447.7 J/kg·K (@
20◦C), and kTC = 0.028014 kg/mol (@ 100
◦C) [Chen et al., 1975]. The gas premixture
is taken to be the parent mixture used in the experiments, notably an equimolar
n-C4H10 +O2 at 50.7 kPa (0.5 atm) pressure. It is further assumed to be quiescent.
171
With respect to the mixture properties, the values were evaluated at 800 K and 1000 K
from experimental correlations [Chen et al., 1975; Smith et al., 1960; Touloukian et al.,
1970; API, 1980; DIADEM, 2000]. At 800 K, kmixture = 0.080 W/m·K, cp,mixture =
2266 J/kg·K, MWmixture = 45.06 kg/kmol, and the average ρmixture = 0.34 kg/m3
(thus, αmixture = 1.04 cm
2/s). At 1000 K, kmixture = 0.106 W/m·K, cp,mixture =
2503 J/kg·K, MWmixture = 45.06 kg/kmol, and the average ρmixture = 0.27 kg/m3
(αmixture = 1.57 cm
2/s).
Figure B.1 shows the cases considered in the form of the nondimensional temper-
ature history
θ ≡ T − TTC,initial
Tgas − TTC,initial
where TTC,initial is the initial temperature of the thermocouple, Tgas is the actual
temperature of the gas, and T is the measured temperature. Therefore, θ is the
measured temperature difference relative to the actual temperature difference. At
t = 0, θTC = 0; as the thermocouple temperature approaches the gas temperature,
θTC → 1. The response time, i.e., the time to 62.3% rise, is 2.8 s.
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Figure B.1: Nondimensional temperature history for Type-K Chromel thermocouple
with bead diameter = 0.71 mm showing the response time (time to 63% rise) is 2.8 s.
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Appendix C. GAS CART PLUMBING DIAGRAM
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Appendix D. SAFETY AND SECURITY CHECK
SET UP AFTER COMPLETE SHUT DOWN (Assume No Vacuum or Pressure
Empty System)
D.1 Fill Panel
1. Verify Helium Fill Panel Vacuum Isolation Valve V010 is closed.
2. Verify Nitrogen Fill Panel Vacuum Isolation Valve V009 is closed.
3. Verify Helium Fill Shut Off Valve HE017 is closed.
4. Verify Nitrogen Fill Shut Off Valve N014 is closed.
5. Verify 1800 psi Helium Gas Bottle Shut Off Valve HE016 is closed.
6. Verify 1800 psi Nitrogen Gas Bottle Shut Off Valve N013 is closed.
7. Verify 0–3000 Helium Supply Gage Isolation Valve HE020 is open.
8. Verify 0–3000 Nitrogen Supply Gage Isolation Valve N017 is open.
9. Open Fill Panel Vent Valve HE019.
10. Open Nitrogen Fill Panel Vent Valve N016.
11. Verify 0–3000 Gage HE021 reads Zero.
12. Verify 0–3000 Gage N018 reads Zero.
13. Verify Reference Vacuum Gage V003 reads Zero.
14. Close Fill Panel Vent Valve HE019.
15. Close Nitrogen Fill Panel Vent Valve N016.
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D.2 Supply Panel
1. Open 1800 psi Helium Gas Bottle Supply Valve HE007.
2. Verify 0–3000 Helium Supply Gage HE009 reads Zero.
3. Verify 0–160 Helium Supply Gage HE011 reads Zero.
4. Verify Tescom Helium Supply Regulator HE010 is backed off.
5. Verify Helium Purge Shut Off Valve HE013 is closed.
6. Open 1800 psi Nitrogen Gas Bottle Supply Valve N007.
7. Verify 0–3000 Nitrogen Gas Bottle Supply Gage N009 reads Zero.
8. Verify 0–160 Nitrogen Supply Gage N011 reads Zero.
9. Verify Tescom Nitrogen Supply Regulator N010 is backed off.
10. Close 1800 psi Helium Gas Bottle Supply Valve HE007.
11. Close 1800 psi Nitrogen Gas Bottle Supply Valve N007.
D.3 Delivery Panel
1. Verify Delivery Panel Vacuum Isolation Valve V007 is closed.
2. Verify Vacuum Transducer Isolation Valve V008 is closed.
3. Verify 300 cc Gas Bottle Supply Valve FHX008 is closed.
4. Verify 300 cc Gas Bottle Supply Valve FHX015 is closed.
5. Verify 300 cc Gas Bottle Supply Valve FHX022 is closed.
6. Verify 300 cc Gas Bottle Supply Valve FHX029 is closed.
7. Verify valve FHX046 is closed.
8. Verify Delivery Panel Vent Valve FHX047 is closed.
9. Verify Gas Bottle Shut Off Valve FHX013 is closed.
10. Verify Gas Bottle Shut Off Valve FHX020 is closed.
11. Verify Gas Bottle Shut Off Valve FHX027 is closed.
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12. Verify Gas Bottle Shut Off Valve FHX034 is closed.
13. Verify 150 cc Bottle Isolation Valve FHX043 is closed.
14. Verify 150 cc Bottle Isolation Valve FHX037 is closed.
15. Verify Gas Supply Needle Control Valve FHX036 is open.
16. Verify Cylinder #1 gage FHX009 reads Zero.
17. Verify Cylinder #2 gage FHX016 reads Zero.
18. Verify Cylinder #3 gage FHX023 reads Zero.
19. Verify Cylinder #4 gage FHX030 reads Zero.
D.4 Mixing Panel
1. Verify Fuel Control Valve FH005 is closed.
2. Verify Oxygen Control Valve X005 is closed.
3. Verify Nitrogen Control Valve N005 is closed.
4. Verify Helium Control Valve HE005 is closed.
5. Verify Fuel Isolation Valve FH004 is closed.
6. Verify Oxygen Isolation Valve X004 is closed.
7. Verify Nitrogen Isolation Valve N004 is closed.
8. Verify Helium Isolation Valve HE004 is closed.
9. Verify Mixing Panel Vacuum Isolation Valve V004 is closed.
10. Verify Vacuum Gage Isolation Valve V005 is closed.
11. Verify Mixing Panel Vent Valve FHX051 is closed.
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D.5 Vacuum System
1. Verify Vacuum System Isolation Valve V001 is closed.
2. Verify Vacuum Pump Shut Off Valve V011 is closed.
3. Verify Helium Fill Panel Vacuum Isolation Valve V010 is closed.
4. Verify Nitrogen Fill Panel Vacuum Isolation Valve V009 is closed.
5. Verify Mixing Panel Vacuum Isolation Valve V004 is closed.
6. Verify Vacuum Gage Isolation Valve V005 is closed.
7. Verify Delivery Panel Vacuum Isolation Valve V007 is closed.
8. Verify Vacuum Transducer Isolation Valve V008 is closed.
D.6 Electronics
1. Verify Main AC Power Supply Switch is off.
2. Verify Vacuum Pump Switch is off.
3. Verify AC/DC Power Supply Switch is in the up position.
4. Verify +24 VDC Solenoid and F.P. Switch is off.
5. Verify +24 VDC Sensors Switch is off.
6. Verify +12 VDC Time Code Switch is off.
7. Verify Fill Switch FHX001 is off.
8. Verify Fill Switch FHX003 is off.
9. Verify Fill Switch FHX005 is off.
10. Verify Oven Valve FHX053 Switch is off.
11. Verify Fire Valve FHX044 Switch is off.
12. Verify Transducer Isolation Valve FHX039 Switch is off.
13. Verify Transducer Isolation Valve FHX040 Switch is off.
14. Verify Oven and Fire Valve Emergency Shut Down Switch is pulled out in the
normal position.
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Appendix E. SYSTEM SETUP
E.1 Electronics
1. Plug in cart.
2. Verify Main AC power present (lamp is on).
3. Turn Main AC Power switch on.
4. Verify Main AC Power lamp on.
5. Verify AC/DC Power Supply Switch is in the up position.
6. Turn +24 VDC Solenoid F.P. Switch on.
7. Turn +24 VDC Sensor Switch on.
8. Turn +12 VDC Time Code Switch on.
9. Verify AC/DC Power Lamp is on.
10. Verify Nitrogen Fill Panel Vacuum Isolation Valve V009 is closed.
11. Verify Helium Fill Panel Vacuum Isolation Valve V010 is closed.
12. Turn Vacuum Pump on.
13. Verify Reference Vacuum Gage V003 reads Zero.
14. Open Vacuum Pump Shut Off Valve V011.
15. Open Vacuum System Isolation Valve V001.
E.2 Helium System Fill
1. Verify Reference Vacuum Gage V003 reads vacuum.
2. Verify 0–3000 Helium Supply Gage Isolation Valve HE020 is open.
3. Verify Fill Panel Vent Valve HE019 is closed.
4. Verify Helium Fill Shut Off Valve HE017 is closed.
5. Open 1800 psi Helium Gas Bottle Shut Off Valve HE016.
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6. Verify pressure on 0–3000 Gage HE021 is Zero.
7. Close 0–3000 psi Helium Supply Gage Isolation Valve HE020 .
8. Open Helium Fill Panel Vacuum Isolation Valve V010.
9. Evacuate Helium Gas Bottle HE006.
10. Close Helium Fill Panel Vacuum Isolation Valve V010.
11. Close 1800 psi Helium Gas Bottle Shut Off Valve HE016.
12. Connect Helium K-Bottle Supply to Quick Disconnect HE018.
13. Open Helium K-Bottle and set Regulator to 1800 PSI.
14. Crack Helium Fill Shut Off Valve HE017 to equalize pressure.
15. Open 0–3000 Helium Supply Gage Isolation Valve HE020.
16. Read pressure on 0–3000 Gage HE021.
17. Completely open Helium Fill Shut Off Valve HE017. Allow to Equalize.
18. Open 1800 psi Helium Gas Bottle Shut Off Valve HE016.
19. Fill Helium Gas Bottle HE006 To 1800 PSI.
20. Close 1800 psi Helium Gas Bottle Shut Off Valve HE016.
21. Close Helium Gas K-Bottle Valve.
22. Open Fill Panel Vent Valve HE019 to vent pressure on Helium K- Bottle.
23. Close Helium Fill Shut Off Valve HE017.
24. Close Fill Panel Vent Valve HE019.
25. Back off Regulator on K-Bottle.
26. Disconnect Helium K-Bottle from Quick Disconnect HE018.
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E.3 Nitrogen System Fill
1. Verify Reference Vacuum Gage V003 Reads vacuum.
2. Open 0–3000 Nitrogen Supply Gage Isolation Valve N017.
3. Verify Nitrogen Fill Panel Vent Valve N016 is closed.
4. Verify Nitrogen Fill Shut Off Valve N014 is closed.
5. Verify Nitrogen Fill Panel Vacuum Isolation Valve V009 is closed.
6. Open 1800 psi Nitrogen Gas Bottle Shut Off Valve N013.
7. Verify pressure on 0–3000 Gage N018 reads Zero.
8. Close 0–3000 Nitrogen Supply Gage Isolation Valve N017.
9. Open Nitrogen Fill Panel Vacuum Isolation Valve V009.
10. Evacuate Nitrogen Bottle N006.
11. Close Nitrogen Fill Panel Vacuum Isolation Valve V009
12. Close 1800 psi Nitrogen Gas Bottle Shut Off Valve N013.
13. Connect Nitrogen K-Bottle Supply to Quick Disconnect N015.
14. Open Nitrogen K-Bottle and set Regulator to 1800 PSI.
15. Crack Nitrogen Fill Shut Off Valve N014 to equalize pressure.
16. Open 0–3000 Nitrogen supply Gage Isolation Valve N017.
17. Read pressure on 0–3000 Gage N018.
18. Completely open Nitrogen Fill Shut Off Valve N014. Allow to equalize.
19. Open 1800 psi Nitrogen Gas Bottle Shut Off Valve N013.
20. Fill Nitrogen Supply Bottle N006 to 1800 PSI.
21. Close 1800 psi Nitrogen Gas Bottle Shut Off Valve N013.
22. Close Nitrogen K-Bottle valve.
23. Open Nitrogen Fill Panel Vent Valve N016 to vent pressure in K- Bottle.
24. Close Nitrogen Fill Shut Off Valve N014.
25. Close Nitrogen Fill Panel Vent Valve N016.
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26. Back off Regulator on K-Bottle.
27. Disconnect Nitrogen Supply K-Bottle from Quick Disconnect N015.
E.4 Helium Purge Setup
1. Open 1800 Helium Gas Bottle Supply Valve HE007.
2. Read pressure on 0–3000 Helium Supply Gage HE009.
3. Verify Helium Purge Shut Off Valve HE013 is closed.
4. Set Tescom Helium Supply Regulator HE010 pressure to 20 psi.
E.5 Nitrogen Purge Setup
1. Open 1800 psi Nitrogen Gas Bottle Supply Valve N007.
2. Read pressure on 0–3000 Nitrogen Gas Bottle Supply Gage N009.
3. Set Tescom Nitrogen Supply Regulator N010 pressure to 90 psi.
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Appendix F. SYSTEMS OPERATION
F.1 Gas Mixing and Storage Procedure
F.1.1 Setup (Bottle #1—FHX010)
1. Connect Flexline from Mixing Panel Quick Disconnect FHX050 To Delivery
Panel Quick Disconnect FHX007.
2. Connect K-Bottle Helium Purge Gas to Mixing Panel Quick Disconnect HE001
3. Connect Fuel Gas Bottle (H2, CO, HC) to Mixing Panel Quick Disconnect
FH001.
4. Connect K-Bottle Oxygen Gas Supply to Mixing Panel Quick Disconnect X001.
5. Connect K-Bottle Inert Gas Supply (N2,Ar,Ne) N001.
6. Open Mixing Panel Vent Valve FHX051 to vent residual pressure in the supply
manifold.
7. Open Pneumatic Valve FHX001. Verify Solenoid Valve has energized.
8. Open Pneumatic Valve FHX003. Verify Solenoid has energized and Transducer
FHX004 is indicating atmospheric pressure.
9. Open Pneumatic Valve FHX005. Verify Solenoid has energized and Transducer
FHX006 is indicating atmospheric pressure.
10. Close Pneumatic Valve FHX001.
11. Close Mixing Panel Vent Valve FHX051
12. Open 300 cc Gas Bottle Supply Valve FHX008.
13. Open 300 cc Gas Bottle Supply Valve FHX015.
14. Open 300 cc Gas Bottle Supply Valve FHX022.
15. Open 300 cc Gas Bottle Supply Valve FHX029.
16. Open Helium Isolation Valve HE005.
17. Slowly open Helium Control Valve HE004. Read pressure at Pressure Transduc-
ers FHX004 and FHX 006. Close Helium Isolation Valve HE005 when pressure
equals 25 psia.
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18. Open Mixing Panel Vent Valve FHX051. Bleed system down to atmospheric
pressure.
19. Close Mixing Panel Vent Valve FHX051
20. Open Vacuum Pump Shut Off Valve V011.
21. Open Vacuum system Isolation Valve V001.
22. Open Vacuum Gage Isolation Valve V005.
23. Read Pressure on Vacuum Gage V006.
24. Verify decaying pressure on Vacuum Gage V006.
25. Open Mixing Panel Vacuum Isolation Valve V004.
26. Open Pneumatic Valve FHX001.
27. Open Delivery Panel Vacuum Isolation Valve V007.
28. Verify decaying pressure on Transducers FHX002, FHX004, FHX006 and on
Delivery System Gages—Cylinder #1 FHX009, Cylinder #2 FHX016, Cylinder
#3 FHX023, Cylinder #4 FHX030.
29. Read Pressure on Vacuum Gage V006 Until Pressure reads 20 militorr or less.
30. Close Mixing Panel Vacuum Isolation Valve V004.
31. Close Delivery Panel Vacuum Isolation Valve V007.
32. Close 300 cc Gas Bottle Supply Valve FHX015.
33. Close 300 cc Gas Bottle Supply Valve FHX022.
34. Close 300 cc Gas Bottle Supply Valve FHX029.
F.1.2 Fuel Fill
1. Open Fuel Isolation Valve FH005.
2. Meter pressure through Fuel Control Valve FH004. Read pressure on Trans-
ducer readout FHX002 until pressure reaches prescribed partial pressure per
test matrix.
3. Close Fuel Isolation Valve FH005.
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4. Close Fuel Control Valve FH004.
5. Close 300 cc Gas Bottle Supply valve FHX008. (FHX015,FHX022,FHX029)
6. Open Helium Isolation Valve HE005.
7. Open Helium Control Valve HE004. Meter pressure through Helium Isolation
Valve HE004 until Transducer readout FHX004 reads 25 psia.
8. Close Helium Control Valve HE004.
9. Close Helium Isolation Valve HE005.
10. Open Mixing Panel Vent Valve FHX051. Vent pressure to atmosphere.
11. Close Mixing Panel Vent Valve FHX051.
12. Open Mixing Panel Vacuum Isolation Valve V004.
13. Open Delivery Panel Vacuum Isolation Valve V007.
14. Read Vacuum Gage V006 Until pressure equals 20 millitorr or less.
15. Close Mixing Panel Vacuum Isolation Valve V004.
16. Close Delivery Panel Vacuum Isolation Valve V007.
17. Close Pneumatic Valve FHX001.
F.1.3 Oxygen Fill
1. Open Oxygen Isolation Valve X005.
2. Meter Oxygen control Valve X004 until pressure on transducer Readout FHX004
reads prescribed partial pressure.
3. Open 300 cc Gas Bottle Supply Valve FHX008 (FHX015,FHX022,FHX029) and
meter
4. Oxygen Isolation Valve X004 until Pressure Transducer Readout FHX004 reads
prescribed partial pressure per test matrix.
5. Close Oxygen Isolation Valve X005.
6. Close Oxygen Control Valve X004.
7. Close 300 cc Gas Supply Valve FHX008. (FHX015,FHX022,FHX029)
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8. Open Mixing Panel Vent Valve FHX051. Vent system to atmosphere.
9. Open Helium Isolation Valve HE005.
10. Meter Helium Control Valve HE004 until Transducer readout FHX004 reads 25
psia.
11. Close Helium Isolation Valve HE005.
12. Close Helium Control Valve HE004.
13. Close Mixing Panel Vent Valve FHX051.
14. Open Mixing Panel Vacuum Isolation Valve V004.
15. Open Delivery Panel Vacuum Isolation Valve V007.
16. Read Vacuum Gage V006 Until pressure equals 20 millitorr or less.
17. Close Mixing Panel Vacuum Isolation Valve V004.
18. Close Delivery Panel Vacuum Isolation Valve V007.
19. Close Pneumatic Valve FHX004.
F.1.4 Nitrogen Fill
1. Open Nitrogen Isolation Valve N004
2. Open Nitrogen Control Valve N004 until pressure on transducer readout FHX006
reads prescribed partial pressure.
3. Open 300 cc Gas Bottle Supply Valve FHX008 (FHX 015,FHX022,FHX029)
and meter Nitrogen Control Valve N004 until Pressure Transducer Readout
FHX006 reads prescribed partial pressure per test matrix.
4. Close Nitrogen Isolation Valve N005.
5. Close Nitrogen Control Valve N004.
6. Close 300 cc Gas Bottle Supply Valve FHX008. (Fhx015,FHX022,FHX029)
7. Open Mixing Panel Vent Valve FHX051. Vent system to atmosphere.
8. Close Mixing Panel Vent Valve FHX051.
9. Open Mixing Panel Vacuum Isolation Valve V004.
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10. Open Delivery Panel Vacuum Isolation Valve V007.
11. Read Vacuum Gage V006 until pressure reads 20 millitorr or less.
F.2 Sample Cylinder Fill Procedure
1. Completely open Gas Supply Needle Valve FHX036.
2. Open 150 cc Bottle Isolation Valve FHX037.
3. Open 150 cc Bottle Isolation Valve FHX043.
4. Open Vacuum Valve FHX046.
5. Open Oven Isolation Valve FHX053.
6. Open Fire Valve FHX044.
7. Open Transducer Isolation Valve FH040 and FHX039.
8. Open Delivery Panel Vacuum Isolation Valve V007.
9. Read pressure on Vacuum Gage V006 Until pressure reads 20 millitorr or less.
10. Close Delivery Panel Vacuum Isolation Valve V007.
11. Close Pneumatic Fire Valve FHX044.
12. Close Gas Supply Needle Valve FHX036.
13. Open Gas Bottle Shut Off Valve FHX013.
14. Meter Gas Supply Needle Valve FHX036 until pressure in Sample Cylinder
reaches desired pressure per test matrix.
15. Close Gas Bottle Shut Off Valve FHX013.
16. Close 150 cc Bottle Isolation Valve FHX037.
17. Close valve FHX046.
18. Connect Flexline from Supply Panel Quick Disconnect HE015 to Delivery Sys-
tem Panel Quick Disconnect FHX007.
19. Open Helium Purge Shut Off Valve HE013.
20. Open Pneumatic Fire Valve FHX044 and commence test.
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21. When pressure Equalizes in Flask close Oven Isolation Valve FHX053.
22. Close Pneumatic Fire Valve FHX044.
23. Continue to commence test.
F.3 Post-Test Procedure
1. Open Oven Isolation Valve FHX053.
2. Open Pneumatic Fire Valve FHX044.
3. Open 150 cc Bottle Isolation Valve FHX037.
4. Open Gas Supply Needle Valve FHX36.
5. Open Valve FHX46.
6. Open Delivery Panel Vent Valve FHX047 and purge system.
7. Close Helium Purge Shut Off Valve HE013.
8. Close Delivery Panel Vent Valve FHX047.
9. Open Delivery Vacuum Valve V007until Vacuum Gage V006 reads 20 millitorr
or less.
10. Close Delivery Panel Vacuum Isolation Valve V007.
11. Close Valve FHX046.
12. Open Helium Purge Shut Off Valve HE013.
13. Close Pneumatic Fire Valve FHX044.
14. Close Gas Supply Needle Valve FHX036.
15. Open Gas Bottle Shut Off Valve FHX013.
16. Meter Gas Supply Needle Valve FHX036 until pressure in Sample Cylinder
reaches desired pressure per test matrix.
17. Close 150 cc Bottle Isolation Valve FHX037.
18. Close Gas Bottle Shutoff Valve FHX013
19. Open Helium Purge Shut Off Valve HE013.
189
20. Open Pneumatic Fire Valve FHX044 and commence test.
21. When pressure Equalizes in Flask close Oven Isolation Valve FHX053.
22. Close Pneumatic Fire Valve FHX044.
23. Continue to commence test.
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Appendix G. INERT SUPPLY CHECKLISTS
G.1 Supply Check
1. Verify valve HE013 is shut.
2. Verify valve HE007 is shut.
3. Verify valve N007 is shut.
4. Verify Helium Regulator HE010 is backed off.
5. Verify Nitrogen Regulator N010 is backed off.
6. Verify gas Nitrogen Supply Gage N011 reads Zero.
7. Verify gas Nitrogen Supply Gage N009 reads Zero.
8. Verify gas Helium Supply Gage HE011 reads Zero.
9. Verify gas Helium Supply Gage HE009 reads Zero.
G.2 Supply Shut Down
Helium Partial Shut Down
1. Verify valve HE007 is shut.
2. Verify valve HE013 is shut.
3. Attach Flex Hose from Quick Disconnect HE015 to Quick Disconnect FHX007.
4. Verify valve FHX008 is shut.
5. Verify valve FHX015 is shut.
6. Verify valve FHX022 is shut.
7. Verify valve FHX029 is shut.
8. Verify valve FHX046 is shut.
9. Verify valve V007 is shut.
10. Verify valve V008 is shut.
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11. Open Vent Valve FHX047.
12. Set Test Com. Regulator HE010 to 20 psi.
13. Open valve HE013.
14. Check gage HE011 reads Zero.
15. Check Gas Helium Supply Gage HE009 reads zero.
16. Shut valve HE013.
17. Remove Flex Hose from Quick Disconnect HE015 and from FHX007.
18. Close Vent Valve FHX047.
19. Back off Regulator HE010.
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Appendix H. PRE-FLIGHT AND POST-FLIGHT CHECKLISTS
H.1 Pre-Flight Checklist
1. On gas cart, energize main power switch
2. Energize 12 and 24 VDC power switches
3. On oven, energize 5 and 24 VDC power switches at signal conditioner panel
4. Turn on camera power supplies
5. Set up cameras per test matrix
6. On oven controller, turn on power and heat switches and set oven temperature
7. On gas cart, turn on video monitors and VCR’s
8. Verify/set He and N2 pressure regulators
9. Turn on computer. Set field point. Load LabVIEW.vi
10. Verify/shut vacuum valves V001, V007, and FHX046
11. Energize vacuum pump and verify pump stability
12. Open vacuum valve V001
13. Open valves V007 and FHX046 and verify vacuum pressure below 100 millitorr
14. System is now in stand-by condition
H.2 Post-Flight Checklist
1. On oven controller, turn off power and heat switches
2. On oven, de-energize 5 and 24 VDC power switches at signal conditioner panel
3. Turn off camera power supplies
4. Turn off cameras
5. On gas cart, Turn off Video monitors and VCR’s
6. Close valves FHX046, V007, and V001
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7. On gas cart, de-energize 12 and 24 VDC power switches
8. Shut down computer
9. On gas cart, de-energize main power switch
10. De-energize vacuum pump
11. Shut down LabVIEW.vi and turn computer off
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Appendix I. PROPANE OXIDATION REFERENCE DATA
Pressure histories from experiments conducted in a fused-silica, 10.2 cm diame-
ter spherical reactor with an equimolar C3H8 + O2 premixture at wall temperatures
ranging from 593 K to 623 K, initial pressures ranging from 20.7 kPa to 96.5 kPa,
and g-levels of 10−2g, 0.16g, 0.38g, and 1g. All the data shown is from Foster [2006].
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Figure I.1: Pressure histories at Tw = 593 K for µg experiments. The vertical, z-
acceleration data at bottom (with symbols) corresponds with the dotted line pressure
history.
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Figure I.2: Pressure histories at Tw = 603 K for µg experiments. The vertical, z-
acceleration data at bottom (with symbols) corresponds with the dotted line pressure
history.
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Figure I.3: Pressure histories at Tw = 613 K for µg experiments.
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Figure I.4: Pressure histories at Tw = 623 K for µg experiments. The acceleration
data at bottom (with symbols) correspond with the dotted line pressure histories of
similar color.
197
0
20
40
60
80
100
0 4 8 12 16 20 24 28
May 15pm (Cool-35)
May 15pm (Cool-44)
Pr
es
su
re
 
[kP
a]
Time [s]
(a) Tw = 593 K
-1
-0.8
-0.6
-0.4
-0.2
0
20
40
60
80
100
120
140
160
0 4 8 12 16 20 24 28
Mar 12 (Cool-44)
Mar 12 (Cool-45)
z-Accel. (Cool-44)
z-Accel. (Cool-45)
z-
Ac
ce
l. 
[g/
g e
ar
th
]   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pr
es
su
re
 
[kP
a]
Time [s]
(b) Tw = 603 K
0
10
20
30
40
50
60
70
80
0 4 8 12 16 20 24 28
Mar 13 (Cool-20)
Mar 13 (Cool-21)
May 15am (Cool-5)
May 15am (Cool-13)
May 15am (Cool-15)
Pr
es
su
re
 
[kP
a]
Time [s]
(c) Tw = 613 K
-1
-0.8
-0.6
-0.4
-0.2
0
10
20
30
40
50
60
70
0 4 8 12 16 20 24 28
Mar 14 (Cool-16)
Mar 14 (Cool-17)
z-Accel. (Cool-16)
z-Accel. (Cool-17)
z-
Ac
ce
l. 
[g/
g e
ar
th
]   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pr
es
su
re
 
[kP
a]
Time [s]
(d) Tw = 623 K
Figure I.5: Pressure histories at different wall temperatures for 0.16g experiments.
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Figure I.6: Pressure histories at different wall temperatures for 0.38g experiments
(arrows indicate pressure rises).
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Figure I.7: Pressure histories at different temperatures for 1g testing.
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Figure I.8: Ignition diagrams for equimolar C3H8:O2. Interior of dotted line: one or
more cool flames; interior of dashed line: four or more cool flames.
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Appendix J. n-BUTANE OXIDATION REFERENCE DATA
Pressure and temperature histories from experiments conducted in a fused-silica,
10.2 cm diameter spherical reactor with an equimolar C4H10 + O2 premixture at
Tw = 570 K and 583 K and initial pressures ranging from 10 kPa to 38 kPa, and
g-levels of 10−2g, 0.16g, 0.38g, and 1.5g. For an ignition diagram for the tests at
10−2g, see Figure 3.5. (Tests at other temperatures were run by Howard Pearlman of
Drexel University.)
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(a) Pinitial = 19 kPa (b) Pinitial = 20.5 kPa
(c) Pinitial = 21 kPa (d) Pinitial = 24.5 kPa
Figure J.1: Pressure, temperature, and z-acceleration histories for 10−2g experiments
at Tw = 570 K.
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(e) Pinitial = 26 kPa (f) Pinitial = 28 kPa
(g) Pinitial = 29 kPa (h) Pinitial = 32 kPa
Figure J.1 (continued): Pressure, temperature, and z-acceleration histories for 10−2g
experiments at Tw = 570 K.
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(e) Pinitial = 35 kPa (f) Pinitial = 36 kPa
(g) Pinitial = 38 kPa
Figure J.1 (continued): Pressure, temperature, and z-acceleration histories for 10−2g
experiments at Tw = 570 K.
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Figure J.2: Pressure histories for 10−2g experiments at Tw = 583 K.
Figure J.3: Pressure, temperature, and z-acceleration histories for a 0.16g experiment
at Tw = 570 K and Pinitial = 20.5 kPa.
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(a) Pinitial = 20.5 kPa (b) Pinitial = 21 kPa
Figure J.4: Pressure, temperature, and z-acceleration histories for 0.38g experiments
at Tw = 570 K.
Figure J.5: Pressure histories for 1g experiments at Tw = 583 K.
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Figure J.6: Pressure, temperature, and z-acceleration histories for a 1.5g experiment
at Tw = 570 K and Pinitial = 21 kPa.
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Appendix K. ARGON-DILUTED n-BUTANE OXIDATION
REFERENCE DATA
Pressure and temperature histories from experiments conducted in a fused-silica,
10.2 cm diameter spherical reactor with a 25% n-C4H10+ 25% O2+ 50% Ar premix-
ture at Tw = 578 K and initial pressures ranging from 24 kPa to 50 kPa, and g-levels
of 10−2g and 1.8g. (Tests at other temperatures were run by Howard Pearlman of
Drexel University.)
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(a) Pinitial = 24 kPa (b) Pinitial = 26 kPa
(c) Pinitial = 28 kPa (d) Pinitial = 28 kPa
Figure K.1: Pressure, temperature, and z-acceleration histories for 10−2g experiments.
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(e) Pinitial = 31 kPa (f) Pinitial = 33 kPa
(g) Pinitial = 34 kPa (h) Pinitial = 36 kPa
Figure J.1 (continued): Pressure, temperature, and z-acceleration histories for 10−2g
experiments.
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(e) Pinitial = 36 kPa (f) Pinitial = 37 kPa
(g) Pinitial = 50 kPa
Figure J.1 (continued): Pressure, temperature, and z-acceleration histories for 10−2g
experiments.
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Figure K.2: Pressure, temperature, and z-acceleration histories for a 1.8g experiment
with Pinitial = 28 kPa.
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Appendix L. HELIUM-DILUTED n-BUTANE OXIDATION
REFERENCE DATA
Pressure and temperature histories from experiments conducted in a fused-silica,
10.2 cm diameter spherical reactor with a 25% n-C4H10+ 25% O2+ 50% He premix-
ture at Tw = 578 K and initial pressures ranging from 21.5 kPa to 40 kPa, and g-levels
of 10−2g and 1.8g. (Tests at other temperatures were run by Howard Pearlman of
Drexel University.)
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(a) Pinitial = 21.5 kPa (b) Pinitial = 25.5 kPa
(c) Pinitial = 28 kPa (d) Pinitial = 30 kPa
Figure L.1: Pressure, temperature, and z-acceleration histories for 10−2g experiments.
215
(e) Pinitial = 34.5 kPa (f) Pinitial = 35 kPa
(g) Pinitial = 38 kPa (h) Pinitial = 40 kPa
Figure J.1 (continued): Pressure, temperature, and z-acceleration histories for 10−2g
experiments.
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Figure L.2: Pressure, temperature, and z-acceleration histories for a 1.8g experiment
with Pinitial = 28 kPa.
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Appendix M. COPYRIGHT INFORMATION
Figure 1.1: Reprinted with permission from Pease, R. (1938). The negative temper-
ature coefficient in the rate of propane oxidation. J. Am. Chem. Soc., 60(9):2244-
2246. Copyright 1938 American Chemical Society.
Figure 1.2: Reprinted with permission from Pease, R. (1940). The effect of surface
on cool flames in the oxidation of propane. J. Am. Chem. Soc., 62(9):2234-2237.
Copyright 1940 American Chemical Society.
Figure 1.3: Reprinted by permission of Elsevier Science from “The development of
cool flames in propane-oxygen mixtures,” by A. Melvin, Combustion & Flame, 13,
438–439, Copyright 1969 by The Combustion Institute.
Figure 1.4: Newitt, D. M. and Thornes, L. S. (1937). The oxidation of propane. Part
I. The products of the slow oxidation at atmospheric and at reduced pressures. J.
Chem. Soc. (Resumed), 1656-1665. — Reproduced by permission of The Royal
Society of Chemistry
Figure 1.5: Reprinted by permission of The Combustion Institute from “Multistage ig-
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Figure 4.10: Reprinted by permission of The Combustion Institute from “Dynamics of
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1988 by The Combustion Institute.
Figure 3.6: Reprinted by permission of The Combustion Institute from “Cool flames
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The following publications are technical papers that resulted from this research.
1. Pearlman, H. and Foster, M. (2007) The Role of Diffusive Transport on Low and
Intermediate Temperature Hydrocarbon Oxidation—Part I: Numerical Simula-
tions Using the Wang-Mou Mechanism, Combust. Sci. Tech., accepted for
publication.
2. Pearlman, H. and Foster, M. (2007) The Role of Diffusive Transport on Low and
Intermediate Temperature Hydrocarbon Oxidation—Part II: Closed Reactor
Experiments Using Equimolar n-Butane + Oxygen Premixtures at Reduced-
gravity, Combustion Science and Technology, Combust. Sci. Tech., accepted
for publication.
3. Foster, M. and Pearlman, H. (2007) Cool flame propagation speeds, Combust.
Sci. Tech., 179: 13–49.
4. Foster, M. and Pearlman, H. (2006) Cool flames at terrestrial, partial and near
zero gravity, Combust. Flame, 147(1-2):108–117.
220
VITA
Michael R. Foster was born on January 23, 1980 in Lapeer, Michigan. Due to
family moves, he was educated in both Kansas and Pennsylvania. He attended Oak
Park Elementary School (Overland Park, KS) for Kindergarten; Florence Wilson
Elementary and Jennie Wilson Elementary Schools (Garden City, KS) for 1st and
3rd grades and 2nd grade, respectively; Black Bob Elementary School (Olathe, KS)
for 4th grade; and Highland Elementary School (Ephrata, PA) for 5th and 6th grades.
His education continued in the Ephrata Area School District, from which he graduated
in 1998.
Mike studied at Messiah College as an undergraduate and earned a Bachelor of
Science in Engineering with a Mechanical Concentration in 2002, along with com-
pleting the College Honors Program. Deciding to continue with graduate studies, he
enrolled in the Mechanical Engineering program at Drexel University in Philadelphia,
PA. For his graduate research in the department of Mechanical Engineering and Me-
chanics (MEM), he studied low-temperature oxidation and cool flames of propane and
n-butane both experimentally and numerically. He coauthored four technical papers
(Appendix N) and made several technical presentations.
In addition to his academic work at Drexel University, Mike served as the President
of the Mechanical Engineering Graduate Association and as the Treasurer of the
Graduate Student Association. He also received the MEM Service and Outreach
Award (2006, 2007) and the Service Excellence Award from the Graduate Student
Excellence Committee (2007).
Upon completion of his Ph.D., Mike, Luann (his wife), and their Boston Terriers
(Ollie and Beau) moved to Oregon where Mike is currently an Assistant Professor of
Mechanical Engineering at George Fox University in Newberg, OR.
